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ABSTRACT
Heterogeneous photocatalysis is an emerging treatment option for degrading phenolic
contaminants. This dissertation focused on using Titanium dioxide (TiCh) nanomaterials as a
potential heterogeneous photocatalyst. The various factors affecting the TiC>2 nanoparticle
catalyzed photo-degradation process were discussed and the photocatalysis of phenol using TiC>2
nanoparticles was evaluated. A statistical model was developed to consolidate the factors based
on the Box-Benkhen statistical design (BBD) technique. The degradation rate constant was
considered as the model response, and expressed as a function of the independent variables for
the photocatalysis. The independent variables considered for developing the BBD based model
were as follows: TiC>2 nanoparticle size and concentration, dissolved oxygen (DO) concentration,
and substrate concentration. The model-predicted phenol photocatalytic rates were in agreement
with the experimental rates for all four variables under consideration. The model developed for
phenol degradation was later used to predict the photocatalytic degradation rate of p-cresol, a
substituted phenol. Except at high DO concentration and low p-cresol concentration, the modelpredicted rates were in close agreement with the experimental degradation rate for p-cresol. A
comparison of quantum yield and activation energy for phenol and p-cresol revealed that the
latter degraded faster than the former.
The practical limitations associated with the use of Ti02 nanoparticle slurry in photocatalytic
process, and the challenges in immobilizing Ti02 nanoparticles onto a solid catalyst support were
discussed. A study on fabrication of immobilized Ti02 nanofiber using sol-gel electrospinning
was presented in the later chapters of this dissertation. The characterization procedures followed
to fabricate the immobilized Ti02 nanofiber catalyst was presented. Literature suggested that
stability of the immobilized nanofiber catalyst was an issue. A surface treated catalyst support
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material was used to improve the stability of the immobilized nanofiber catalyst. The optimum
process variable settings of sol-gel electrospinning for minimum nanofiber diameter were
identified using the BBD procedure. The diameter of the TiC>2 nanofiber generated from the
BBD optimization was significantly lower than that reported in the literature. Other than the
electrospinning variables, the calcination condition and catalyst loading on the support affected
the specific surface area (SSA) of the immobilized catalyst. The immobilized Ti02 nanofiber
catalyst fabricated by sol-gel electrospinning under optimum process conditions had high SSA
and improved catalytic property. A comparison of phenol photocatalytic rates of Ti02
nanoparticle slurries against the immobilized Ti02 nanofiber demonstrated that the latter had
higher (approximately twice) catalytic activity than that of the former at comparable SSA.
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DISSERTATION ORGANIZATION
The heterogeneous photocatalytic process is introduced in Chapter 1 as an emerging
treatment option in context to the challenges of conventional treatment processes such as, their
effectiveness and limitations in removal of phenolic contaminants.

An outline of existing

constraints facing the development of heterogeneous photocatalytic degradation process is
discussed in this section.

The various research objectives are also discussed in Chapter 1.

Chapter 2 elaborates on the outlines presented in Chapter 1. The literature review presented in
Chapter 2 provides the necessary background to execute the research objectives discussed in
Chapter 1. The literature reviews associated with the concept of Titanium dioxide (Ti02)
photocatalysis, factors affecting the process, and the advantages of the immobilized
photocatalyst system are examined in Chapter 2. The limitations of the immobilization processes
and the potential of the electrospinning technique in context to catalyst immobilization are also
discussed. Earlier studies on electrospinning TiC>2 for photocatalytic applications are reviewed
and the shortcomings of those reports are highlighted. The overall aim of this chapter is to
disseminate sufficient information related to the scope of the research. The dissertation is
presented in manuscript format with the results from five phases of the research presented in
Chapter 3 to Chapter 7. Each chapter contained separate introduction, methodology, and
discussion on results pertaining to a research phase. Due to the overlap in the objectives between
the (five) research phases, there is some similarity in the introduction and methodology among
the chapters. Chapter 3 detailed the study on developing and validating a statistical model for the
photocatalytic degradation of phenol using TiC>2 nanoparticles. The optimum condition for the
maximum photocatalytic degradation of phenol in batch reactors is reported in this chapter. A
validation study to extend the use of the phenol model on other phenol derivatives such as p-
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cresol, is presented in Chapter 4. Chapter 5 provides an outline on earlier attempts to generate
Ti02 nanofiber catalyst and identifies the limitations involved therein. The characterization
results of immobilized TiC>2 nanofiber catalyst with improved stability are presented in Chapter
5. Chapter 6 focuses on optimizing the electrospinning process to generate TiC>2 nanofiber with
enhanced surface area. A model for predicting the diameter of the nanofibers using a statistical
experimental design method is also described in this chapter. The study presented in Chapter 7
examines the photocatalytic performance of the immobilized TiC>2 nanofibers. Chapter 8
summarizes the research presented in different chapters and draws general conclusions from the
study. The engineering significance of the research described in Chapters 3 to 7 is described in
Chapter 9.
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CHAPTER 1: INTRODUCTION
1.1. Context
"In an age when man has forgotten his origins and is blind even to his most essential needs for
survival, water along with other resources has become the victim of his indifference"
~ Rachel Carson {Silent Spring; 1962).

Many environmental and health issues facing our planet are related to the discharge of
chemicals via anthropogenic and industrial activities. Large numbers of organic pollutants are
relentlessly

released

into the environment

through

industrial

discharges

from many

manufacturing facilities (McFarlane and Nilsen, 2003; Bibeault and Hudon, 2006; Schindler,
2001). The effectiveness of conventional water treatment processes in removing these pollutants
from the influent water is a major problem in many occasions (Smith et. al., 1991; United States
Environmental Protection Agency (USEPA), 2001; Westerhoff, 2003; Li et al., 2005).
According to Canadian and United States (U.S.) regulatory agencies, the release of these
contaminants are a major threat to our environment (Environment Canada and USEPA, 2005).
Humans exposed to these contaminants through ingestion suffer from severe health effects
(USEPA, 2001; Meknassi et al., 2004). Health problems related to development and growth
retardation, reproduction problems, endocrine disruptions, and numerous other ailments have
been widely reported (Meknassi et al., 2004; Safe, 2004; Ying et al., 2004).

According to

Environment Canada, a startling 80% of diseases in developing countries are water-born
(Environment Canada and USEPA, 2005). Many Canadian communities have faced several
water quality issues in the recent past (Bibeault and Hudon, 2006). An ongoing effort is already
in place to ensure the safeguarding of water bodies through improved treatment approaches,
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source water protection and increasing the understanding of the fate-transport mechanism of
contaminants in the water bodies (Smith et. al., 1991; USEPA, 2001; Schindler, 2001; Bibeault
and Hudon, 2006).
A water treatment plant uses a variety of treatment processes to remove the contaminants
from influent raw water. The choice of a treatment sequence depends mainly on the influent
flow rate, its composition, end-use requirements, and cost (Ekenfelder, 2000; Tchobanoglous et
al., 2003). Generally, in a conventional water treatment facility the biological treatment process
receives 80% of the influent organic load. As a result, the efficiency of removal of a pollutant
mainly depends on the quantity and biodegradability of the polluting compound (Tchobanoglous
et al., 2003; Westerhoff, 2003). On occasions the removal is strongly affected by the toxicity of
the pollutant on the microbial consortium effecting the removal in the biological treatment
process (Autenrieth et al., 1991; Martinez et al., 2006). Thus, an imperative research focus is
directed towards advanced water treatment techniques capable of removing recalcitrant aqueous
contaminants, when incorporated in the treatment sequence.
In recent years, heterogeneous photocatalysis using titanium dioxide (Ti0 2 ) has been
identified as a potential treatment route for a variety of organic aqueous contaminants (Ollis et
al., 1991; Matthews, 1992). Ti0 2 photocatalysis offers a unique advantage over other alternatives
because it degrades toxic organic pollutants into carbon dioxide (C0 2 ) and water in presence of
light and provides a green treatment approach (Bhatkhande et al., 2001; Herrmann, 2005). The
ability of Ti0 2 to degrade organic compounds originates from the semiconductor band gap. The
photocatalysis is actuated by means of photo-generated electron-hole pairs (Linsebigler et al.,
1995; Bhatkhande et al., 2001). The literature suggests that the photocatalytic process with Ti0 2
is dependent on a number of factors (Lee and Mills, 2004; Herrmann, 2005). Several reports
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have examined the impact of individual factor on TiC>2 photocatalytic performance (Bhatkhande
et al., 2001; Gogate and Pandit, 2004). However, the factor effects are not studied collectively in
an integrated approach. Additionally, the photocatalytic rates reported in the literature are often
difficult to compare due to the different reporting units and experimental conditions and factor
effects are not studied collectively in an integrated approach (Davydov, 2001; Carp et al., 2004).
Hence, an existing research gap is identified to study the effect of various factors affecting Ti02
photocatalysis in a systematic manner and develop a predictive model.
Augmented photocatalytic performance is often reported in studies using Ti02 nanoparticles
when compared to micron size particles (Bhatkhande et al., 2001; Carp et al., 2004). However,
the applicability of Ti02 nanoparticles in photocatalytic processes in the form of slurries have
several practical constraints (Ibanez et al., 1999; Houari et al., 2005).

Immobilizing Ti02

nanoparticles onto a solid support material could become a viable route for resolving these
constraints. However, the immobilization technique has its own disadvantages. The illuminated
surface area of the immobilized TiC>2 nanocatalyst systems is reported to be smaller than that of
discrete nanoparticles by several orders of magnitude (Ibanez et al., 1999). Consequently, the
photocatalytic efficiency is drastically hindered. Immobilization of TiC>2 in nanofabricated form,
without hindering the surface area, can potentially eliminate these problems and assist in
enhancing the photocatalytic efficiency.
Electrospinning is a technique used for fabricating nanostructures. The method utilizes a high
static voltage to produce fibers with diameters in nanometer range (Doshi and Renker, 1995).
Recently, the electrospinning technique has been extended to fabricate TiC>2 nanofibers (Li and
Xia, 2003). Due to the complexity of the electrospinning process none of the earlier reports has
been successful in fabricating nanofibers bearing diameters less than 50 nanometers (nm)
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(Madhugiri et al., 2004; Doh et al., 2008; Alves et al., 2009). Moreover, two major constrains
related to immobilizing Ti0 2 nanofibers catalyst are as follows: 1. Limited stability (adhesion) of
the nanofiber on solid support after catalytic immobilization (Madhugiri et al., 2004; Doh et al.,
2005); 2. Reduced specific surface area (SSA) of the immobilized nanocatalyst compared to
particles in the nanometer range (Madhugiri et al., 2004; Alves et al., 2009). The work presented
in this dissertation evolves from these current research issues and possible solutions are
described in Chapters 3 to 7.

1.2. Research objectives
The purpose of this study is to improve the understanding and resolve the practical
constraints related to the use of Ti0 2 photocatalysis for the degradation of aqueous contaminants.
Phenol and a phenol derivative such as p-cresol, were selected as model compounds. The choice
of phenolic model pollutants for the photocatalytic studies is justified by their widespread use in
industrial and commercial applications, serious health impacts, severe microbial toxicity,
considerable environmental discharges, and lack of proper treatment options for removing them
from contaminated water sources (EHC 161, 1994; EHC 168, 1995; USEPA, 2001; Bukowska
and Kowalska, 2003; Auriol, et al., 2006).

1.3. Research phases
The following phases of the dissertation are described with their associated objectives:
Phase 1: (Chapter 3 Objectives)
(A) Assess the effect of Ti0 2 size, Ti0 2 concentration, dissolve oxygen (DO)
concentration and phenol concentration on the photocatalytic degradation rate of
phenol using Ti0 2 nanoparticles.
4

(B) Optimize

the

photocatalytic

degradation

of phenol

using

a

Box-Benkhen

experimental design (BBD) and develop a statistical model to predict the phenol
degradation rate
Phase 2: (Chapter 4 Objectives)
(A) Use the statistical model developed for phenol to predict the photocatalytic
degradation rate of a para-substituted phenol derivative, p-cresol.
(B) Verify the model by using the predicted values to establish optimum process
conditions for maximum photocatalytic degradation of p-cresol.
Phase 3: (Chapter 5 Objectives)
(A) Fabricate a Ti02 nanocatalyst system with enhanced stability by immobilizing the
electrospun nanofibers on an improved support surface.
(B) Characterize the nanocatalyst by determining its crystal structure, fiber morphology,
and stochiometric composition.
Phase 4: (Chapter 6 Objectives)
(A) Evaluate the effect of potential difference, infusion rate and separation distance on
the diameter of electrospun Ti02 nanofibers.
(B) Optimize the electrospinning variables to minimize the diameter of Ti02 fibers using
a Box-Benkhen experimental design (BBD), and develop a statistical model to
predict the Ti02 nanofiber diameter.
Phase 5: (Chapter 7 Objectives)
(A) Assess the effect of catalyst composition and immobilization parameters on the
specific surface area (SSA) and bandgap energy of the Ti02 nanofiber catalyst.
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(B) Determine the photocatalytic performance (degradation rate of phenol and quantum
yield) of immobilized TiC>2 nanocatalyst and assess its performance after repeated
use.
The summary of outcomes of each research phases are summarized in Chapter 8. The
engineering significance of the research outcomes are discussed in Chapter 9 of this dissertation.
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CHAPTER 2: LITERATURE REVIEW
2.1. Overview
"Water, water, everywhere, nor any drop to drinkf'
~ Samuel Taylor Coleridge (The Rhyme of the Ancient Mariner, 1817).

Water is an indispensable resource for all forms of life. Fresh water accounts for
approximately 2.5% of the total water reserve on this planet (Gleick, 1996; United Nations
Educational, Scientific and Cultural Organization (UNESCO), 2006). Exponential rise in world's
population, growing industrial and commercial activities, extensive urbanization, increased
agricultural activities have brought about a tremendous crisis regarding global freshwater
reserves (UNESCO, 2006). Water consumption has been disproportionately rising over the past
few decades ensuing severe water shortages across the globe (World Bank Institute, 2000). On
the other hand, the quality of water in surface water bodies and subsurface aquifers has
drastically deteriorated under the influence of intense anthropogenic and industrial activities
(Bibeault, et al., 2006; UNESCO, 2006). A large number of toxic compounds are released into
the environment from industrial discharges, urban wastes, and agricultural run-offs (Environment
Canada, 2007). The accumulation of these pollutants in every phase of the environment, such as
water bodies in particular, have caused permanent damage to many ecosystems and brought
about serious human health problems (World Bank Institute, 2000; Environment Canada and
United States Environment Protection Agency (USEPA), 2005; UNESCO, 2006).
In 2005 alone, over 100,000 tonnes of waste and contaminants were discharged into
Canadian surface water bodies (Environment Canada, 2007). Pesticides and herbicides,
pharmaceutical and personal care products, industrial chemicals and oils are major classes of
contaminants routinely released through industrial, institutional, and municipal discharges
9

(Bibeault, et al., 2006; Environment Canada, 2007). Over 360 chemicals, many of which are
known to be recalcitrant ecotoxins, have been identified in the Great Lakes (Environment
Canada and USEPA, 2005). Phenol and phenol derivatives with a global production of
approximately 3 million tonnes are examples of such pollutants (Environmental Health Criteria
(EHC) 161, 1994). Humans exposed to these contaminants through ingestion and inhalation
suffer from growth retardation, endocrine disruption, development as well as reproduction
problem, foetal immaturity, and genetic disruption (EHC 161, 1994; Bukowska and Kowalska,
2003).

2.2. Phenolic contaminants
Phenol and cresol (p-cresol in particular) are crystalline solids with a distinctive odour (EHC
161, 1994; EHC 168, 1995). Additional physical and chemical properties of these chemicals are
listed in Table 2.1. p-Cresol is less volatile and less water soluble than phenol, and therefore, it
tends to be more bioaccumulative. The normal range for pH in surface water is 6.5 to 8.5, and for
groundwater is 6.0 to 8.5 (McNeely et al., 1979). Under these pH ranges both phenol and pcresol remain mostly undissociated.
Phenol and substituted phenol derivatives are collectively known as phenolics. Phenolics are the
key constituents used in the manufacture of a variety of chemicals, pharmaceuticals and
hormonal compounds, structured polymers and resins products (Bukowska and Kowalska, 2003).
These manufactured products have widespread industrial and commercial applications such as in
insulation panels, insecticides, paints and lubricants. Phenolics are normal constituent of human
and animal wastes. Phenolics are also produced from microbiological decomposition of organic
matter and natural coal tar formation (EHC 161, 1994; EHC 168, 1995, Martinez et al., 2006).
From product manufacturing facilities or land fills phenolic contaminants migrate through
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atmospheric transport processes and make their way into the surface water bodies and
groundwater aquifers.
For more than two decades phenolic compounds have been classified with carcinogenic,
teratogenic, and mutagenic properties (Bukowska and Kowalska, 2003). Lately, phenolic
contaminants have received a large amount of attention because of their endocrine disrupting
abilities (Meknassi et al., 2004). Growth retardation, development, as well as reproduction
problems and genetic disruptions are some ensuing health effects from exposure to these
phenolic contaminants (Ying et al., 2004; Martinez et al., 2006). These toxicological health
effects coupled with the widespread use of phenolic compounds as chemical intermediates and
largescale discharge of phenolic wastes in the environment suggest the need for developing
effective treatment options.

Table 2.1: Select properties of phenol and p-cresol (EHC 161, 1994; EHC 168, 1995).
Property

Phenol
OH
1

Structure

CAS no.
Relative molecular mass
Air odour threshold(mg m'J)
Melting Point (°C)
Boiling point (°C)
Vapour pressure at 20°C (mmHg)
Relative density at 25°C
Vapour density (air = 1 at 20°C)
Solubility in water at 25°C (g-l~l)
pKa at 25°C

0

108-95-2
94.11
0.021
40.9
181.75
0.357
1.071
3.24
67
9.99

/j-Cresol
OH
1

Q
CHs

106-44-5
108.13
0.004
34.74
201.94
0.13
1.154
3.72
21.52
10.26
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2.3. Conventional treatment and phenolic contaminants
A wastewater treatment plant uses a complex array of treatment processes to remove selected
contaminants from municipal and industrial influents. Individual treatment processes are
arranged in a sequence to form a treatment train based on the wastewater flow and composition,
as well as regulatory guidelines for effluent quality. Conventional wastewater treatment
processes are classified into primary, secondary, and tertiary treatments. Primary treatment
usually refers to removal of suspended solids by settling or floatation. In secondary treatment,
the microbial degradation of organic matter proceeds via a series of biochemical oxidation
reactions. A specific tertiary treatment process, such as chlorination, is added to remove the
pathogens. However, other processes might be added to remove specific groups of chemical
contaminants (Tchobanoglous et al., 2003; Ekenfelder, 2000).
The removal of phenolic compounds from raw water supplies during primary treatment is
mostly effected by coagulation and flocculation. No more than 20% removals of phenolic
compounds is expected through primary treatment (Smith et al., 1991; Westerhoff, 2003). In
municipal influents, removing phenols during primary treatment is attributed mostly to
adsorption onto settling solids (Westerhoff, 2003; Auriol et al., 2006). In a wastewater treatment
plant, the biological treatment process is responsible for removal of approximately 80% of the
organic load present in the influent waste stream (Tchobanoglous et al., 2003). However, the
efficiency of the biological process strictly depends on the prevalent concentration and the
toxicity of the compound on the microbial population. Studies have shown that biological
treatments of phenolic contaminants are often impaired beyond a threshold concentration
(Autenrieth et al., 1991; Martinez et al., 2006). Moreover, biological treatment of phenolic
compounds requires longer solids residence time (Pera-Titus et al., 2004; Kavitha and
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Palanivelu, 2005). Because of these limitations associated with conventional treatment methods,
tertiary treatment processes are often recommended for removing phenolic compounds from
wastewater effluents (Li et al., 2005a).
Activated carbon adsorption and membrane filtration are the two tertiary treatments reported
to be successful in removing phenolic contaminants (USEPA, 2001; Auriol et al., 2006). The
applications of membrane based processes, namely nanofiltration and reverse osmosis (RO),
have several practical constraints. The membrane based processes are very susceptible to fouling
due to the presence of particulates and the requirement of high-pressures making these processes
significantly expensive for wastewater treatment applications (Ying et al., 2004). The USEPA
has identified granular activated carbon (GAC) adsorption as the best available treatment method
(BAT) for removing phenolic contamination (Smith et al., 1991; USEPA, 2001). The removal
efficiency of the activated carbon adsorption process is drastically reduced when the adsorption
sites are completely occupied. Regenerating the bed is energy intensive and complicated
(Westerhoff, 2003; Ying et al., 2004). Tertiary physical treatment processes like membrane
filtration and activated carbon adsorption, rely on phase transfer rather than degradation of the
contaminants. Hence, the pollutant is not removed and instead a transfer takes place from one
phase to another.
A chemical treatment method which has been reported to be successful in removing phenolic
contaminants is enzymatic treatment.

Enzymatic treatment using laccase and horseradish

peroxidase enzymes have been reported to accomplish approximately 95% removal of phenol
from industrial wastewater effluents (Wu et al., 1993; Cooper and Nicell, 1996; Kurniawati and
Nicell, 2005). Enzymatic treatment is reported to be more advantageous over physical processes
because of the process selectivity towards phenolic compounds (Wu et al., 1993). However, the
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enzymatic treatment process is limited by the high enzyme cost and its short shelf-life (Cooper
and Nicell, 1996; Caza et al., 1999). Moreover, the enzymatic treatment relies on partial
polymerization and phase transfer of contaminants rather than complete degradation. An
alternative tertiary treatment method for wastewater is a hydroxyl radical ('OH) based advanced
oxidative route, which ensures complete degradation of the phenolic contaminants (Ollis et al.,
1991).

2.4. Advanced oxidative process
The Advanced Oxidative Process (AOP) is a collective name for processes that involve
generation of hydroxyl radicals ('OH) to degrade organic pollutants (Glaze et al., 1997). The
advantages of AOP for water treatment applications include the following: non-specificity
towards most reduced carbon compounds and degradation of organic pollutants into carbon
dioxide (mineralization) (Munter et al., 2001). The 'OH radical is the second strongest known
oxidizing agent after fluorine (Table 2.2), and the former radical is successful in oxidizing
recalcitrant organic compounds (Pera-Titus et al., 2004).

Table 2.2: Oxidization potentials of various oxidizing agents (Hunsberger, 1977).
Oxidizing agent

Oxidation potential (V)

3.06
Fluorine
2.80
Hydroxyl radical
2.42
Oxygen (atomic)
2.08
Ozone
1.78
Hydrogen peroxide
1.49
Hypochlorite
1.36
Chlorine
1.27
Chlorine dioxide
1.23
Oxygen (molecular)
NB: Oxidation potential is a measure of t le tendency of these chemical
species to gain electrons and thereby, effect oxidation (Munter et al., 2001).
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Several possible routes for generation of 'OH radicals include ozone (O3) decomposition,
catalytic decomposition of hydrogen peroxide (H2O2), electrochemical oxidation-reduction,
photolytic (ultraviolet) oxidation-reduction, and photocatalytic oxidation-reduction (Pera-Titus et
al., 2004; Gogate and Pandit, 2004a). In some cases more than one 'OH radical based processes
are combined to enhance the process efficiency (Gogate and Pandit, 2004b).

2.4.1. Ozonation
Ozone (O3) is a strong oxidant and is commercially used as disinfectant in water treatment. In
aqueous solutions, molecular ozone either can remain as O3 or it can decompose to a "OH radical,
a stronger oxidizing agent than O3 (Glaze et al., 1997). The reaction of molecular O3 with organic
contaminants is slow and selective, limited to unsaturated organic compounds with electron-rich
double bond (Gogate and Pandit, 2004a; Rice, 1997). In comparison, the oxidation of organic
contaminants by O3 via 'OH radical is fast and non-selective (Rice, 1997, Wang et al., 2003).
However, in either process the decomposition of O3 is the rate limiting step and the limited
solubility of O3 in water (8 - 20 mgT 1 ) often impede the efficiency of the ozonation process
(Wang et al., 2003). Accordingly, in many of the earlier studies it was concluded that the
efficiency of the ozonation process increases by a few fold when conjugated with another
treatment technique such as photolysis with ultraviolet (UV) radiation (Gogate and Pandit,
2004b; Li et al., 2005a).

2.4.2. Electrochemical oxidation
The electrochemical oxidation technique utilizes electron generated from an external power
source to degrade water contaminants (Bejankiwar et al., 2005). Accounts of electrochemical
degradation of phenolic compounds have been reported in the literature (Torres et al., 2003; Li et
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al., 2005b) The electrically driven oxidation-reduction reactions between the contaminants and a
pair of oppositely charged electrodes (anode and cathode) are responsible for the degradation of
the contaminants to carbon dioxide (CO2). Hence, choosing a proper electrode material is an
important factor if the electrochemical oxidation process is to be effective. Ti0 2 electrodes doped
with nobel-metals have been reported to be particularly effective (Gogate and Pandit, 2004a; Li
et al., 2005b). However, the exorbitant cost of the doped electrodes and the complexity of the
doping processes are major practical drawbacks of this electrochemical oxidation process.

2.4.3. Homogeneous catalytic oxidation
Fenton oxidation is a typical homogeneous catalytic process involving 'OH radicals (Munter et
al., 2001). *OH radical based, iron-salt mediated decomposition of H2O2 is collectively known as
Fenton oxidation process (Gogate and Pandit, 2004a). The Fenton oxidation reaction proceeds
through the combination of H20 2 and iron (II) salt with subsequent formation of 'OH radicals
(Kavitha and Palanivelu, 2005). The 'OH radicals then mediate the oxidation of organic
contaminants. This homogeneous catalysis is established by existence of iron-hydroxyl
complexes. The substrate nature and the iron-peroxide ratio are two process variables controlling
efficiency of the Fenton oxidation (Gogate and Pandit, 2004a). Two variations to the Fenton
oxidation process include the electro-Fenton (Oturan et al., 2001) and photo-Fenton processes
(Ikehata and Gamal El-Din 2006). In the electro-Fenton process, 'OH radicals are generated from
H2O2 by application of electrical current through an iron electrode (Oturan et al., 2001). In
comparison, the 'OH radical formation in the photo-Fenton reaction proceeds by reaction of iron
(II) salt with H2O2 in presence of ultraviolet (UV) radiation. Light with a wavelength less than
580 nanometer (nm) is used in the photo-Fenton process for simultaneous photo-reduction of the
iron (III) to iron (II) radical, and thereby, aids the catalytic oxidation process (Ikehata and Gamal
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El-Din 2006). The main disadvantage of the Fenton oxidation is that the process requires
constant pH monitoring. The optimum pH for Fenton oxidation is between pH 3 and 4, and at pH
< 3, the reaction of iron salts are inhibited and "OH radicals are quickly scavenged by hydrogen
ions (protons). At pH > 4, availability of free iron species are limited due to the formation of
stable iron complexes (Gogate and Pandit, 2004a). Additional monitoring is also required for
maintaining an optimum iron-peroxide ratio (1.5% (w/w)) (Gogate and Pandit, 2004a; Kavitha
and Palanivelu, 2005). Higher process cost and a narrow range of operating variables are major
factors limiting the practical application of Fenton oxidation as an advanced oxidative treatment
option.

2.4.4. Photochemical oxidation
In photosynthesis, the electromagnetic radiation is used to initiate chemical reactions between
water and CO2. In general, electromagnetic radiation with a wavelength between 100 to 1000 nm
is utilized to initiate chemical reactions; however, the energy of radiation with wavelengths
higher than 1000 nm is too low to initiate these chemical reactions, while at wavelengths less
than 100 nm ionization is a major problem (Zhang, 2004). Except some bacterial photochemical
reactions, which are initiated with light at wavelengths of 700-1000 nm (near infrared region),
all photochemical reactions occur in the visible range (400-700 nm) (Zhang, 2004). For the
purpose of photochemical degradation of organic contaminants, the region of interest lies with
ultraviolet (UV) radiation having a wavelength between 200 to 400 nm (Legrini et al., 1993).
The quantum yield of UV radiation was reported to decrease significantly with increasing
wavelength; therefore, the efficiency of this photochemical process strongly depends on the
incident radiation wavelength (Zhang, 2004). The degradation of pollutants by a photochemical
process proceeds simultaneously through direct photolysis, as well as the 'OH radical initiated
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pathway. This leads to complete mineralization of the organic pollutant into CO2 and water
(Legrini et al., 1993). 'OH mediated reactions are favored by the presence of strong oxidizing
agents like H2O2 or O3. Photochemical oxidation based on the generation of "OH radicals,
produced from the decomposition of H2O2 or O3 by UV radiation, is a typical form of photolysis
which is categorized as homogeneous photocatalysis (Pera-Titus et al., 2004). Homogeneous
photocatalysis or photolysis has been studied with a wide variety of organic contaminants;
however, the major limitation observed with this process is the low quantum yield (Zhang,
2004). The limitation of low quantum yield associated with homogeneous photocatalysis
(photolysis) can be significantly reduced by the efficient capture of incident photons through use
of a heterogeneous photocatalyst.

2.5. Heterogeneous photocatalysis
Heterogeneous photocatalysis is a generic name for the processes which rely on the generation
of 'OH radicals on the surface of heterogeneous catalyst particles when they are irradiated with
electromagnetic radiation having suitable wavelength to initiate the formation of an electron-hole
pair (Bhatkhande et al., 2001; Lee and Mills, 2004). Like other advanced oxidative process
(AOP), heterogeneous photocatalysis presents another green approach. In this approach toxic
organic pollutants are converted into CO2 and water using 'OH radicals (Herrmann, 2005). Metal
oxides, particularly semiconductor metal oxides, have been extensively studied as heterogeneous
photocatalysts for the efficient conversion of photonic energy into chemical energy with the
ability to degrade various organic contaminants (Bhatkhande et al., 2001; Herrmann, 2005).
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2.5.1. Choice of photocatalyst
Photocatalysts are solid materials which on exposure to a specific wavelength of light generate
electron-hole pairs (Mills et al., 1993). For most solid catalyst materials, the photocatalysis is
initiated by radiation with a wavelength between 200-400nm (UV region); however, some have
photocatalysis initiated at wavelengths between 400-700nm (Sato et al., 2005). Most of the solid
materials initiating photocatalysis in UV or visible light region are oxides of transition metal or
their derivatives, commonly classified as semiconductors. Semiconductors have electrons in the
ground (unexcited) state confined in the valence band, while those in the excited state enter into
the conduction band. The electrons leaving the valence band have a high reduction potential,
while the holes formed in the valence band have a high oxidation potential. Together the
electron-hole pair induces photocatalytic reactions on the solid catalyst surface.
The valence band is separated from the conduction band (energy level when the electrons are
excited) by an energy barrier denoted as the bandgap or bandgap energy (Eg). E g of the
semiconductor photocatalyst dictates the required energy level of the incident photons for
exciting an electron from valence band (VB) to conduction band (CB). The energy of a photon is
inversely related to the wavelength of the incident radiation. Accordingly, different
photocatalytic materials having different Eg values are excited in the different incident radiation
wavelengths (Linsebigler et al., 1995; Herrmann 2005). The Eg of various semiconductor
materials used in photocatalysis are tabulated in Table 2.3.

The photocatalyst with Eg higher than the oxidation potential of "OH radicals mediate the
formation of 'OH radicals when they are photoexcited. Thus, the Eg value is the single most
important parameter controlling the photocatalytic ability of semiconductor materials. Other
desirable factors for an efficient photocatalyst include the stability and toxicity of the catalytic

19

material. Among the photocatalyst listed in Table 2.3, the photocatalysts with Eg values > 2.8 eV
can effectively promote 'OH radical oxidation. Additionally, the use of zinc oxide (ZnO) as a
photocatalyst is limited by its stability in an aqueous medium (Rajeshwar, 1995; Bhatkhande et
al., 2001). The cost and availability are some other factors considered in selecting a
photocatalyst. Considering all of the above factors, titanium dioxide (Ti0 2 ) is widely chosen and
extensively studied as a heterogeneous photocatalyst for degradating organic contaminants
(Rajeshwar, 1995; Herrmann, 2005).

Table 2.3. Bandgap energy (Eg) of various photocatalysts (Rajeshwar, 1995).
Photocatalyst

Bandgap Energy (eV)

Si
WSe2
Fe 2 0 3
CdS

1.1

W0 3
Ti0 2 - Rutile
Ti0 2 - Anatase
ZnO
SrTi0 3
ZnS

1.2
2.2
2.4
2.7
3.0
3.2
3.2
3.4
3.7

2.5.2. Titanium dioxide (Ti0 2 ) as photocatalyst
Titanium is the ninth most abundant element in the world, constituting about 0.63% of the
earth's crust and is primarily found in minerals such as rutile, ilmenite, leucoxene and brookite.
In naturally occurring minerals Ti0 2 exists in either the photocatalytically active anatase crystal
form or thermodynamically stable rutile crystal form. The relative abundance of Ti0 2 makes
sourcing of this photocatalyst easier for commercial applications. Additionally, by virtue of the
chemical configuration, Ti0 2 is chemically stable and biologically inert in nature (Carp et al.,
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2004). Thus, TiC>2 is routinely preferred over other semiconductor materials for photocatalytic
applications (Herrmann, 2005). TiC>2 also has a long historical background of over 80 years as a
photocatalytically active material. The unique photocatalytic property of TiC>2 was first
recognized as a nuisance known by the "chalking" phenomena of paints. In 1972, the
phenomenon was clarified by Fujishima and Honda as photocatalytic effect of TiC>2 through their
work (Fujishima and Honda, 1972). Fujishima and Honda (1972) discovered that TiC>2 can
photocatalytically split water into hydrogen and oxygen. Later, Ollis and his coworkers
demonstrated the use of TiC>2 for oxidative mineralization of organic pollutants in water (Ollis et
al., 1991). Since then, heterogeneous photocatalysis with Ti02 has been considered as a
promising treatment option for degrading eco-toxic and bio-persistent chemicals (Matthews
1992; Blake, 2001; Herrmann, 2005).

2.6. Ti0 2 photocatalysis
2.6.1. Mechanism of TiC>2 photocatalysis
The photocatalytic activity of Ti02 originates from the semiconductor band gap. Ti02 on
illumination with light (wavelength < 380nm) having energy higher than the band gap (Eg),
produces an electron (e") in the conduction band (CB) and a hole (h+) in the valence band (VB)
(Linsebigler et al., 1995; Lee and Mills, 2004). The charge carriers (electron-hole pairs) either
recombine with the bulk of the material or migrate to the particle surface (Figure 2.1)
(Herrmann, 2005).
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Electron
jump

Ti0 2 particle
Figure 2.1.

Principles of photocatalytic activity of Titanium dioxide (adapted from Bhatkande
et al., 2001)

Upon reaching the catalyst surface the pairs initiate oxidation - reduction reactions by
reacting with the surface hydroxyl (OH") groups (Rajeshwar, 1995). In the aqueous phase the
holes are scavenged by surface OH" groups to generate hydroxyl radicals (*0H) (Table 2.4).
These 'OH radicals, whether free or surface bound, are the active oxidizing species in the
heterogeneous photocatalytic process. The migration of electrons onto a catalyst surface, in the
aqueous phase with dissolved oxygen (DO), results in the formation of 'O2 (superoxide) anions
(Matthews, 1992), which thereafter react with H+ ions (protons) to produce H2O2 (Table 2.4).
The decomposition (disproportionation) of H2O2 in turn produces more hydroxyl radicals. The
'OH radicals produced by photo-excitation of Ti02 mediate the degradation of organic molecules
(Table 2.4) (Matthews, 1992; Bhatkhande et al., 2001).
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Table 2.4. Photocatalytic reactions mediated by Ti0 2 (adapted from Matthews 1992)
Reactions
hv

Ti0 2 (e") + Ti0 2 (h + )

Ti0 2 (h+) +

H20

Ti0 2 +

Ti0 2 (h+) +

OH"

Ti0 2 + 'OH

(2.3)

Ti0 2 (h+) +

R

Ti0 2 + Roxid

(2.4)

Ti0 2 (e") +

o2

Ti0 2 + -0 2 "

(2.5)

Ti0 2

+

H+ +

'OH

(2.1)
(2.2)

'/2 *0 2

+

'/2 H +

H202 + 0 2

(2.6)

•0 2

+

2 H+

2 HO'

(2.7)

•02~

+

H2O

02 +

Ti0 2 (e") + H2O2
'OH

+

R

H202 +

Ti0 2 +
Roxid ( +

2 OH"

OH" + 'OH
H

2

0)

(2.8)
(2.9)
(2.10)

Note: R denotes reduced form and Roxid is the oxidized form of the organic compound

2.6.2. Factors affecting Ti02 photocatalysis
The ability of a heterogeneous catalyst to photocatalytically degrade organic compounds
depends upon the catalytic material properties (crystal structure and surface area), catalyst
loading, radiation intensity, radiation wavelength, substrate concentration, DO concentration, pH
levels, and temperature. The impact of these factors on the reaction rates of Ti0 2 catalyzed
photodegradation of phenolic compounds have been reported in several studies (Blake, 2001;
Bhatkhande et al., 2001; Herrmann, 2005).
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2.6.2.1.

Characteristics of incident radiation

The energy of photons impinging on the catalyst surface is an important factor for the
generation of photo-induced electron-hole pairs. The energy of the impinging photons is
inversely proportional to the wavelength of the incident radiation. The energy of incident
radiation with a wavelength < 380nm is sufficient to excite an electron in Ti0 2 from the VB to
the CB across an energy barrier of 3.2eV (Bhatkande et al., 2001; Lee and Mills, 2004; Sato et
al., 2005). Based on the skin sensitivity of humans the UV region is subdivided into three distinct
zones, namely UVA (400-315 nm), UVB (280-315 nm) and UVC (200-280 nm). Ti0 2 has been
reported to be photocatalytically active in all three UV zones, with the highest photocatalytic
activity associated with UVC radiation (Zhang, 2004). However, considering the health hazard
associated with UVC radiation, UVB radiation with an average wavelength of 300nm is
preferred for photocatalytic applications (Tsai and Cheng, 1997). Another factor affecting the
photocatalytic reaction rates is the number of photons impinging on the Ti0 2 surface and this
number depends on the irradiance of the UV source. UV light irradiance is reported to vary from
4-10 mW'cm"2 (Lee and Mills, 2004). A choice of 10 mW-cm"2 UV source is expected to
generate the most number of photons.

2.6.2.2.

Characteristics of the catalytic (TiC^) material

The crystal structure (Rajeshwar, 1995) and catalytic surface area (Carp et al., 2004) are
factors known to affect the photo-oxidative properties of TiC>2. The crystal structure dictates the
bandgap energy (Eg) and the oxidative potential (Gogate and Pandit, 2004a). The different
crystalline forms of TiC>2 includes anatase (kinetically stable), rutile (thermodynamically stable),
brookite and monoclinic. In comparison to the other crystal forms, the anatase form (distorted
orthogonal structure) has the highest E g (3.2 eV) value and greater photocatalytic activity (Carp
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et al., 2004). Consequently, the anatase form is selectively utilized in many studies because it is
more photocatalytically active (Tsai and Cheng, 1997; Blake 2001; Bhatkhande et al., 2001;
Gogate and Pandit, 2004a).
The specific surface area (SSA) is a function of the particle size for any heterogeneous
catalyst.

Hence, smaller diameter Ti0 2 photocatalysts are associated with larger SSA.

An

increase in the total number of free charge carriers (electron (e~) and hole (h+)) on the Ti0 2
surface with increasing SSA is expected to increase the efficiency of the catalyst. The number of
free charge carriers are affected by the number and the lifetime of free e" and h+, and the latter
depends upon the particle size. In the case of large particles, the volume recombination of e" and
h+ dominates and the result is a reduction of free charges on the surface. Ultimately, the
photocatalytic activity is reduced and the efficiency decreases (Shah et al., 2002).
Ti0 2 particle size within the micrometer range is normally used in the manufacture of a
variety of industrial and consumer products. However, Ti0 2 particles within this range are not
utilized in photocatalysis because they are not effectively photoactive (Allen et al., 2004; Hurum
et al., 2006). In addition, the light scattering phenomena for micrometric Ti0 2 particles lead to a
loss of photon energy (Allen et al., 2004). Because of these problems associated with using
micrometer size particles, a growing research interest has recently developed for utilizing
nanoparticles. Increasing innovations in manufacturing processes have resulted in production of
different nanometer size Ti0 2 particles. Several nanometer size Ti0 2 particles have been tested
over past years for their photocatalytic potential to degrade organic compounds (Blake 2001;
Bhatkande et al., 2001; Gogate and Pandit, 2004a).
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2.6.2.3.

Effect of photocatalytic process variables

The number of catalyst particles in the reaction zone has been reported to affect the
photocatalytic degradation rates (Herrmann, 2005). The number of catalyst particles is directly
related to the concentration of TiC>2 or the TiC>2 mass loading. Typically, an increase in the
photocatalytic rate is associated with an increase in the TiC>2 loading (Mills et al., 1993).
However, a threshold is often observed in studies with suspended TiC>2 particles. The threshold
level in photocatalytic rates is related to an increase in the turbidity of the suspension at higher
TiC>2 concentrations and the limited penetration depth of the incident UV radiation (Gogate and
Pandit, 2004a).
Another major factor affecting the photocatalytic activity is the availability of oxygen, or the
DO concentration (Herrmann, 2005). The availability of oxygen facilitates the generation of
'OH radicals and minimizes the loss of charge carriers (electron-hole pairs) (Table 2.4) (Fox and
Dulay, 1993). Accordingly, enhanced photocatalytic rates are reported at elevated DO levels
(Matthews and McEvoy, 1992).
Photocatalysis is strongly influenced by the number of substrate molecules adsorbed onto the
catalytically active sites on the Ti02 surface (Lee and Mills, 2004; Herrmann, 2005). Thus, the
dissociation form (dissociated or undissociated) and initial concentration of substrate are
reported to alter the photocatalytic rates (Dalrymple et al., 2007). In the millimolar concentration
range, the substrate adsorption is reported to be monolayer, and according to Lee and Mills
(2004), monolayer adsorption is preferred for maximum reaction rates. Additionally at elevated
substrate levels, the availability of photons at the catalyst surface decreases due to the direct
absorption of photons by organic (substrate) molecules. For phenolic compounds, the adsorption
of substrates on the catalyst surface is strongly correlated with the type of functional groups and
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substitution patterns. Hence, different photocatalytic rates are reported for phenols with different
substitution (mono-, di- or tri-) patterns and varied substituted functional groups (cresol to
chlorophenol to nitrophenol) (Tsai and Cheng, 1997; Bhatkhande et al., 2001; Gogate and
Pandit, 2004a; Pera-Titus et al., 2004; Kusvuran et al., 2005).

2.6.2.4.

Effect of environmental variables

Ti0 2 catalytic particles have an iso-electric point or point of zero surface charge. The isoelectric point of Ti0 2 in solution is reported to be at near neutral pH

pH 7.0) (Bhatkhande et

al., 2001; Guzman et al., 2006). The surface charge controls the aggregation tendency of Ti0 2
nanoparticles and adsorption of the substrate onto the Ti0 2 surface (Guzman et al., 2006). Thus,
monitoring and control of pH is crucial for photocatalytic reactions, particularly in an aqueous
medium. However, pH is often not considered a factor in photocatalysis of phenols with Ti0 2
due to their high dissociation pH (pKa) and tendency for strong adsorption onto Ti0 2 surfaces in
the undissociated form (Bhatkhande et al., 2001).
Temperature is another variable whose effect is not clearly reported in literature. Some
earlier studies have reported that photocatalytic reaction rates are temperature dependent and
follow an Arrhenius-type behavior (Kartal et al., 2001). However, some studies have suggested
that photocatalytic reactions are not sensitive to temperature changes particularly within the
region from 20° to 80°C (Fox and Dulay, 1993; Hermann, 1999).
Variation in reporting units and a lack of systematic examination of the various factors
affecting the Ti0 2 photocatalytic rates have developed a knowledge gap in the literature
(Davydov, 2001). This research gap created a need for a systematic investigation of the factor
effects in Ti0 2 photocatalysis. It is also conclusive that the practical limitations associated with
Ti0 2 photocatalysis can be resolved with a critical evaluation of the various factors.
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2.6.3. Mode of application of TiOi in the photocatalytic process
In recent years nanometric Ti0 2 particles have gained significant commercial interest for
enhanced photocatalytic performance. The nanoparticles of TiC>2 can be synthesized by various
techniques such as precipitation, e-beam evaporation, magnetron sputtering technique, chemical
vapor deposition, hydrothermal, and glyco-thermal method (Carp et al., 2004; Sankapal et al.,
2006; Centi and Perathoner, 2009). However, the most popular method for preparing TiC>2
nanoparticles is the sol-gel conversion based synthesis method (Hamid and Rahman, 2003). In
the sol-gel technique, a titanium alkoxide (sol-precursor) is hydrolyzed to produce nano-sized
TiC>2 particles bearing high SSA. Aqueous dispersion or slurry composed of nanoparticles are
thereafter used to catalyze photochemical reactions. However, the use of TiC>2 nanoparticles for
catalytic activity in the form of suspension or slurry is associated with several serious limitations
in terms of their practical applications (Ibanez et al., 1999; Houari et al., 2005; Baan et al., 2006).
These limitations include slow settling velocities of the nanoparticles, the ineffectiveness of
using conventional gravity separators in solid-liquid separation for nanoparticle slurry, and the
presence of remnant catalyst particles having toxicological implications in the process stream
(Baan et al., 2006). Hence, the use of nanoparticles in the form of slurry requires an additional
solid/liquid separation process to recycle the catalyst and prevent catalyst wash-out (Rajeshwar,
1995, Houari et al., 2005). Another limitation of using the particle suspension is associated with
limiting depth of UV penetration with increasing TiC>2 concentration due to incremental
suspension turbidity (Houari et al., 2005). The aggregation of nanoparticles in aqueous medium
and resultant surface area losses is also a limitation of the slurry process (Ibanez et al., 1999).
Human exposures from fugitive emissions of nanoparticles, during the process stream handling
and during the slurry preparation processes, result in serious health problems linked to the use of
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nanoparticle slurries (Baan et al., 2006). The immobilization of TiC>2 nanoparticles onto a
support medium could potentially resolve many of these practical limitations.

2.6.4. Immobilized Ti0 2 nanocatalyst for heterogeneous photocatalysis
Several innovative techniques have been reported to immobilize Ti0 2 nanoparticles. In most
of these techniques, TiC>2 nanoparticles were formed by the sol-gel conversion based synthesis
technique and the nanoparticles were then deposited onto a solid support through dipping or
coating processes. Glass plates (Hamid and Rahman, 2003; Ling et al., 2004), glass fibres (Pozzo
et al., 1997), polymeric fibres (Ding et al., 2004), and textile materials (Bozzi et al., 2005) were
some of the materials which have been examined as fixed support materials for TiC>2
photocatalysts. Activated charcoal (Carpio et al., 2005), Ti02/Si02 nanocomposite particles
(Hwang et al., 2005), zeolite ZSM-5 (Chang, 2004), and bentonites (Houari et al., 2005) were
some other materials which have been investigated as support for fluidized applications.
However, a major constraint of many supported catalysts is related to the lower surface area
compared to discrete nanoparticles. Loss of surface area is caused by the sintering or aggregation
of the nanocatalyst onto the support surface during the stabilization or immobilization step
(Ibanez et al., 1999). Particle sintering results in the formation of a film or sheet on the surface,
and this lowers the catalytic surface area when compared to discrete nanoparticles (Carp et al.,
2004). Hence, laying a mat of nanofibers onto a support surface might resolve many of the
problems associated with using non-supported particles and limitations of supported catalysts.
An established method of fabricating nanostructure with a high aspect ratio (fibers/wires) is
electrospinning. In this method, nanofibers can be layered onto a support surface.
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2.7. Electrospinning and generation of nanofibers
Electrospinning is a process of producing nanostructures with a high aspect ratio
(fibers/wires) by applying a high voltage through a capillary filled with a conductive solution
(Reneker and Chun, 1996). The first report of electrospinning dates back to 1934. However, the
technique was solely limited to polymer melts and did not gain much attention (Fomhals 1934).
In 1995, Doshi and Reneker demonstrated that a wide variety of polymers in solution can be
electrospun into very small diameter fibers (Doshi and Reneker, 1995). Since the initial work by
Doshi and Reneker, the technique has been widely exploited to generate ultra thin fibers from a
variety of polymers, including engineering plastics, biopolymers, conducting polymers, block
copolymers, and polymer blends (Frenot and Chronakis, 2003; Subbiah et al., 2005).

2.7.1. Principle of electrospinning
The process of electrospinning can be considered as a variation of the process of electrospraying. The electrospraying principle has been used in various applications such as fuel
atomization, aerosol production and paint spraying. Electrospraying is associated with low
molecular weight liquids, where the fluid stream is broken into small charged droplets on
application of an electrostatic field (Deitzel et al., 2001a). The electrospraying method, when
applied on high viscosity polymer solutions or melts, result in production of fibers that have
diameters in the submicron range (Reneker and Chun, 1996).
In a typical electrospinning apparatus, a DC power supply is connected to a metallic
capillary. A viscous solution of high-molecular weight polymer or polymer blend in a low
boiling solvent is delivered at a constant flow rate to the metal capillary. The counter charged
terminal from the power supply is connected to the targeted collector material for the
nanofibers/wires (Figures 2.2). The orientation of the apparatus can be positioned in the
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horizontal, vertical or inclined direction based on the type of solution feed system selected. For
gravity feed system, a horizontal set up is preferred (Subbiah et al., 2005).

Figure 2.2

Schematic of the electrospinning apparatus - (A) Horizontal (B) Vertical

When an external electric field is applied to a solution of high-molecular weight polymer or
polymer blends, the ions in the solution aggregate around the electrode of opposite polarity.
Thus, a volume of solution near an electrode has an excess of ions of opposite polarity. A drop of
solution, suspended in equilibrium at the end of a capillary, under an applied voltage has the ions
of like-polarity expelled to the surface of the droplet. As the electrostatic repulsive forces
overcome the surface tension forces the distortion of the drop initiate. The electric field
generated by an accumulation of surface charges cause the surface of the hemispherical liquid
drop to distort into a conical shape (Taylor Cone). Once the electrical potential of the surface
charge exceeds a critical value, the electrostatic forces overcome the solution surface tension and
a thin jet of solution is ejected from the surface of the cone and travels towards the electrode
bearing an opposite polarity. This solution jet can be thought of as a string of charged elements
connected by a viscoelastic material, with one end fixed at the point of its origin and the other
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end remaining free. The free end of the electrospinning jet follows a chaotic path as it travels
towards the oppositely charged electrode. Electrostatic forces associated with mutual columbic
interactions of different sections of the jet make it unstable to bending perturbations. This chaotic
motion, or instability, rearranges the jet in a sequence of connected loops. These loops again
become unstable and form secondary and tertiary loops. As the jet of polymer solution travels in
air, the solvent evaporates, leaving behind a charged polymeric fiber on the counter electrode
(Deitzel et al., 2001a, 2001b; Hohman, 2001a, 2001b)

2.7.2. Factors affecting electrospinning
The applied electrical field strength and the flow rate of the solution are the most important
variables controlling the electrospinning process, other than the fluid property of the
electrospinning solution. The applied electrical field strength is defined as the ratio of applied
electrical potential and separation distance between the charged and counter charged electrodes.
A variation of either of the two parameters, the applied electrical potential or the separation
distance, alters the electrical field strength in the electrospinning process. Increasing the applied
potential is limited by an electrical breakdown of the resistance in the air surrounding the gap
between the electrodes, and decreasing the separation distance is limited by the collection of wet
fibers on the target electrode. As the fibers migrate they loose their shape due to the presence of
solvent. An increase in the applied electrical field strength translates directly into higher
electrostatic stresses. However, higher applied field strength also affects the spinning rate by
withdrawing more solution out of the capillary, particularly in cases where the feed rate of the
solution is not positively controlled (Deitzel et al., 2001a; Shim et al., 2001; Subbiah et al.,
2005). In order to avoid this complexity, positive control of the flow of the electrospinning
solution is desirable. The electrical potential for a particular solution flow rate in the

32

electrospinning process is associated with different transitions of the fluid jet, namely, the
dripping of fluid and stabilization of the fluid jet. The electrical potential for these transitions are
redefined upon a change in the solution flow rate. Also, a higher flow rate increases the charge
transport rate between the electrodes and this ensues a higher jet current resulting in more
instability in the fiber formation (Deitzel et al., 2001a; Shim et al., 2001).
The viscosity, surface tension, and electrical conductivity are the three parameters of the
solution which affect the electrospinning process. The viscosity and surface tension of the
spinning solution are the direct function of the polymer concentration and molecular weight of
the polymer. There exists a critical range of the solution viscosity and surface tension for fiber
formation in the electrospinning process, and the critical range varies with the polymer, the chain
length of the polymer, and the solvent used in the solution preparation (Deitzel et al., 2001a;
Frenot and Chronakis, 2003; Subbiah et al., 2005). Beyond either extremes of the critical
viscosity range the fiber formation process is unstable and electrospinning process is
discontinuous. Thus, a thorough evaluation of the effect of variables on the electrospinning
process for a particular polymer-solvent system and optimization of the parameters is mandatory
in order to manipulate the process such that smaller diameter nanofibers can be generated.

2.8. Ti0 2 nanofibers immobilization
2.8.1. Electrospinning of Ti02 nanofibers
In 2003, the formation of Ti0 2 nanofibers by electrospinning was first reported by Li and
Xia (2003). According to these authors, TiC>2 fibers with nanometric dimensions were fabricated
by coupling the sol gel conversion based method of TiC>2 nanoparticle synthesis with the
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electrospinning technique (Li and Xia, 2003). Few studies have thereafter employed the sol-gel
electrospinning method for fabricating TiC>2 nanofibers (Sigmund et al., 2006; Chronakis, 2005;
Ramaseshan, 2007). Typically in sol-gel electrospinning method, a blended solution of a highmolecular weight polymer with a sol-precursor of TiC>2 is electrospun to produce an organometallic composite nanofiber. Hydrolysis of the sol-precursor leads to the formation of TiC>2 in
composite nanofiber. The polymer constituent of the composite nanofibers is later eliminated by
thermal treatment to obtain pure TiC>2 nanofibers (Li and Xia, 2003). Many studies have
suggested that in addition to the variables discussed earlier (Section 2.7.2), the proportion of solprecursor in the electrospinning solution has a strong influence on the fiber formation process in
the sol-gel electrospinning technique (Watthanaarun et al., 2005). The challenge of generating
Ti02 nanofibers for catalytic application by the electrospinning process is to control these
variables in a fashion that the diameters of the nanofibers are minimized.

2.8.2. Challenges of TiC>2 nanofibers immobilization
The first effort to produce Ti02 nanofibers for heterogeneous photocatalysis of organic
contaminants was reported by Madhugiri et al. in 2004. According to these authors, TiC>2
nanofibers for photocatalysis were produced in two steps. Initially, the TiC>2 nanofibers were
fabricated by the sol-gel electrospinning technique and collected on aluminum support. The
nanofibers deposited on the support material were later subjected to a thermal treatment to
immobilize the pure TiC>2 nanofibers on an aluminum support. Similar attempts towards
developing an immobilized TiC>2 nanofiber catalyst for photocatalytic application have been
reported by Doh et al. (2008) and Alves et al. (2009). However, none of the earlier efforts have
been very successful in developing a high surface area immobilized TiC>2 nanofiber catalyst for
photocatalytic application. Madhugiri et al. (2004) reported using electrospun TiC>2 nanofibers
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for photocatalytic application after grounding the TiC>2 nanofibers into powder form. Ti02
2 1
nanofibers reported in the study had low specific surface area (SSA) (32 m - g ) and the average
diameter was greater than lOOnm. In the account of Alves and his coworkers the electrospun
2 1
TiC>2 nanofibers were utilized in the form of an unsupported mat (SSA: 53 m g") for
photocatalytic application (Alves et al., 2009). Two limitations associated with immobilized
TiC>2 nanofiber catalysts were documented by the earlier researchers. One of the limitations was
inferior photocatalytic performance compared to nanoparticles (Madhugiri et al., 2004; Alves et
al., 2009). The lower photocatalytic rates of the electrospun Ti02 nanofibers, compared to
nanoparticles, were probably linked to lower specific surface area of the nanofibers fabricated in
earlier studies. The other practical constraint was inadequate stability of the immobilized catalyst
due to poor adhesion of the Ti02 nanofiber mat to the solid catalyst support (Fujihara et al.,
2007).

2.9. Summary of research objectives
The motivation for this dissertation emerges from the background details described in the
foregoing sections of this chapter. The research objectives were arranged in phases (Chapter 1,
Section 1.3) to thoroughly assess the present constraints and propose the most viable path for
resolving these problems. Phase 1 is concerned with evaluating the impact of the factors
affecting the heterogeneous photocatalysis using Ti02 nanoparticles. Then, an integrated
approach was used to link the factors affecting photocatalytic rates using a statistical model. The
work in phase 2 is concerned with validating the photocatalytic rate model and assessing the
accuracy of the model developed for phenol on p-cresol. Process conditions were optimized such
that the maximum photocatalytic degradation of phenol and p-cresol were observed.
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Phases 3, 4 and 5 evolved from the need for developing a nanocatalyst system with better
performance in comparison to the free unsupported Ti0 2 catalyst. In phase 3, the problem of
catalyst stability was addressed. In phase 4, the electrospinning process was optimized for
generation of smaller diameter nanofibers, and in phase 5 the issue of surface area for
immobilized catalyst was resolved. A comparative study of photocatalytic performance of the
immobilized catalyst against nanoparticle slurry was conducted in phase 5. Each of the 5 phases
are presented in manuscript format as chapters 3, 4, 5, 6 and 7. The summary of the research is
presented in chapter 8, and the engineering significance of the research outcomes are discussed
in chapter 9.
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CHAPTER 3:
USING THE BOX-BENKHEN TECHNIQUE TO
STATISTICALLY MODEL PHENOL PHOTOCATALYTIC
DEGRADATION BY TITANIUM DIOXIDE NANOPARTICLES
3.1. Introduction
Over the past several decades growing industrial activities have caused increasing discharge
of toxic organic pollutants into the environment. In particular, phenol with an annual global
production of approximately 3 million tonnes is one such pollutant (Environmental Health
Criteria (EHC) 161, 1994). According to Environment Canada approximately 500 tonnes of
phenol are discharged annually into the Canadian environment from industries, such as
petroleum refinery, pulp and paper, metal casting, coal gasification, and steel manufacturing
(EHC 161, 1994; Environment Canada, 2000).
Phenol is an endocrine disrupting chemical with carcinogenic, teratogenic, and mutagenic
properties (EHC 161, 1994; Environment Canada, 2000; Bukowska and Kowalska, 2003;
Meknassi et al, 2004).

It is used in the manufacture of numerous products for widespread

industrial and commercial applications (Meknassi et al., 2004). Phenol and phenol derivatives
are present in resins, insulation panels, herbicides, pesticides, paints, and lubricants (EHC 161,
1994; Environment Canada, 2000; Sobecka et al., 2005). During product manufacturing and
waste land filling, many phenol based chemicals migrate into the atmosphere, surface water
bodies, groundwater, soils, and rocks.
Phenolic based compounds can be removed from industrial effluents using conventional
physical, chemical, and biological treatment techniques at varying degree of effectiveness
(Sobecka et al., 2005; Westerhoff, 2003; Martinez et al., 2006). However, biological treatment
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systems are severely impaired beyond threshold levels due to the toxicity imposed by these
chemicals on microorganisms (Martinez et al., 2006; Autenrieth et al., 1991). Granular activated
carbon (GAC) adsorption has been identified by the United States Environmental Protection
Agency (USEPA) as the best available technology (BAT) for treating air and liquid emissions
containing phenolic chemicals (USEPA, 2001). Enzymatic treatment methods using tyrosinase,
laccase and horseradish peroxidase enzymes have been reported to remove phenols from
industrial wastewater (Wu et al., 1993; Bevilaqua et al., 2002; Kurniawati and Nicell, 2005).
However, because activated carbon absorption or enzymatic process relies on phase transfer or
partial polymerization, phenols and phenol derivatives are not completely removed from the
environment.
In recent years, the oxidative degradation of organic pollutants in aqueous phase using a
photo-illuminated catalyst surface has emerged as a potential technology for treating industrial
effluents (Ollis et al., 1991; Matthews, 1992). Heterogeneous photocatalysis offers a unique
advantage over other alternative treatment methods because it presents a 'green' treatment
approach; since, toxic organic pollutants are converted into carbon dioxide (CO2) and water
using photonic energy (Ollis et al., 1991; Matthews, 1992; Herrmann, 2005). Among the
reported photocatalysts which have been used, Titanium dioxide (Ti02) has received the most
attention due to its high oxidative potential (Herrmann, 2005; Bhatkhande et al., 2001). The
oxidative potential of Ti0 2 originates from its semiconductor band gap. A photo-illuminated
Ti0 2 surface generates electron-hole pairs which migrate to the surface of the photocatalyst and
initiate the formation of hydroxyl radicals ('OH). The 'OH radicals subsequently mediate the
degradation of organic molecules (Herrmann, 2005; Bhatkhande et al., 2001; Linsebigler et al.,
1995).
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TiC>2 photocatalysis is affected by many factors, such as the number of photons impinging
upon the surface, TiC^ properties, the quantity of catalytic sites, and availability of oxygen (O2).
The number of photons impinging on the reaction surface is a direct function of the intensity of
the incident radiation (irradiance). Due to a bandgap energy of approximately 3.2eV,
photoexcitation of electrons from the valence band (VB) to the conduction band (CB) in TiC>2 is
achieved by incident radiation with wavelengths below 380 nanometer (nm) (Matthews, 1992;
Herrmann, 2005).

In several batch studies, the photocatalytic process is mediated using

ultraviolet (UV) light with an irradiance of 4-10 mW-cm" (Herrmann, 2005; Bhatkhande et al.,
2001; Lee and Mills, 2004; Gogate and Pandit, 2004). Many photocatalytic studies with Ti0 2
have reported using different wavelength and irradiance of the incident radiation, and this is a
major issue preventing the comparison of the photocatalytic degradation rates. However, the
rates can be compared using an alternative approach, which is known as the quantum yield
(Bhatkhande et al., 2001; Davydov, 2001; Lee and Mills, 2004). Deriving the quantum yields
using data from many studies require the use of monochromatic light. However, in several
studies polychromatic light is used and calculating the quantum yield is not feasible.
Another factor affecting the photocatalytic reaction rate is the surface area per TiC>2 particle.
Enhancing the TiC>2 photocatalytic efficiency is expected with increasing the specific surface
area (SSA) or reducing the diffusion path of the charge carriers (Carp et al., 2004). Ti02 particle
sizes within the micrometer range lack photocatalytic activity because of recombination of
charge carriers en-route to the catalyst surface (Carp et al., 2004; Allen et al., 2004; Herrmann,
2005; Hurum et al., 2006). Recent innovations have permitted manufacturers to produce TiC>2
particle sizes in nanometer range. Several nanometer size TiC>2 formulations have evolved and
tested for their photocatalytic potential on selected organic compounds such as phenol. Degussa
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P25 is an exemplary commercially available TiC>2 nanomaterial which has been used to degrade
phenol and numerous organic pollutants (Bhatkhande et al., 2001; Gogate and Pandit, 2004).
Although a few photocatalytic studies have reported using nanometer size TiC>2 catalysts, particle
size is not the only parameter which differ between these catalysts (Bhatkhande et al., 2001;
Davydov, 2001).
Crystal structure is another important catalytic property affecting the degree of
photocatalysis. The crystal structure of TiC>2 dictates the semiconductor bandgap, and thereby,
affects the photocatalytic activity of a particular TiC>2 crystal form. TiC>2 exists in four crystalline
forms, which include anatase (kinetically stable), rutile (thermodynamically stable), brookite and
monoclinic. In terms of photocatalytic activity, the anatase crystal form has the greatest catalytic
activity among the other crystal forms. The crystal structure with next lower catalytic activity is
the rutile form (Carp et al., 2004; Herrmann, 2005).

Many photocatalysts, including the

Degussa P25, which have been utilized for their excellent photocatalytic activity have the anatase
crystal structure (Bhatkhande et al., 2001; Gogate and Pandit, 2004; Carp et al., 2004). Several
studies have simultaneously varied physical properties such as crystal structure and particle size,
as means to increase the degradation rates (Chen and Ray, 1998; Salinaro et al., 1999; Davydov,
2001). However, the data reported in these studies does not allow the reaction rates to be
compared in a unified manner.
The TiC>2 photocatalytic rates are also affected by the availability of O2 in the aqueous phase
(dissolved oxygen (DO)), since DO is a precursor for generating the 'OH radicals (Lee and Mills,
2004; Carp et al., 2004). Photocatalysis occurs primarily at the surface. Hence, the adsorption
properties of the substrate and the quantity of catalytic sites are known to affect the reaction rates
(Linsebigler et al., 1995; Herrmann, 2005).

Evidence from earlier studies have shown that
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adsorption onto the photocatalyst at very low concentrations (less than the 1 mM) follows the
Langmuir adsorption isotherm and can be modeled using first order kinetics (Lee and Mills,
2004; Herrmann, 2005).
Evidence from several reports have described the impact of individual factors on phenolic
degradation; however, the photocatalytic rates reported are not comparable due to the difference
in reporting units and/or experimental conditions (Bhatkhande et al., 2001; Davydov, 2001; Carp
et al., 2004). Hence, further research is required to consolidate all the factors in a unified model.
Accordingly, the effects of Ti02 particle size (dry), Ti0 2 concentration, DO concentration, and
phenol concentration on the photodegradation rate of phenol are chosen to be evaluated using a
statistical model.
Using a one-factor-at-a-time (OFAT) optimization approach is a complex method to evaluate
the effects of different variables on an experimental outcome. Assessesing one factor at a time is
time-consuming and expensive. Moreover, this approach often leads to misinterpretation of
results when interactions between different factors are present. Another approach to accurately
evaluate the impact of the variables on the degradation rate is to vary all the factors
simultaneously in a systematic manner.

This approach is referred to as response surface

methodology (RSM). RSM is a statistical technique which can address the present scenario
under consideration (Myer and Montogomery, 2002; Ray, 2006; Box and Draper, 1987), and it
can be used to establish relationships between several independent variables and one or more
dependent variables.

Developing a first-degree polynomial model can be performed using

statistical experimental design and RSM.
RSM optimizes multiple variables by systematic variation of all the variables with minimum
number of experiments.

The RSM optimization procedure involves the following steps: 1.
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performing the statistically designed experiments; 2. estimating the coefficients of a
mathematical model using regression analysis technique; and 3. predicting the response
(experimental outcome) and then assessing the adequacy of the model (Myer and Montogomery,
2002; Ray, 2006). Among the available statistical designs, a full factorial design (FFD) is often
considered unpractical due to its requirement of large number of experiments for accurately
predicting the response (Box et al., 1978; Myer et al., 1989; Myer and Montogomery, 2002; Ray,
2006). Fractional factorial design (FFD) lacks the ability to accurately predict all the positions of
the factor space that are equi-distant from the centre (rotatability). Based upon the desirable
feature of othogonality and rotatability, Central-Composite design (CCD) and Box-Benkhen
design (BBD) are commonly chosen for the purpose of response optimization (Bae and Shoda,
2005; Ray, 2006).
The BBD technique is a three-level design based upon the combination of two-level factorial
design and incomplete block design. BBD is a spherical design with excellent predictability
within the spherical design space and require fewer experiments than FFD or CCD procedures
with the same number of factors. Compared to the CCD method, the BBD technique is
considered the most suitable for evaluating quadratic response surfaces, particularly in cases
when prediction of response at the extreme level is not the goal of the model. In addition, the
BBD technique is rotatable or nearly rotatable regardless of the number of factors under
consideration (Myer and Montogomery, 2002; Bae and Shoda, 2005; Ray, 2006).
The present study is focused on implementing the BBD technique. Hence, the objective of
this study is to optimize the photocatalytic degradation of phenol using a Box-Benkhen
experimental design and to develop a predictive model for the phenol degradation rate involving
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four independent factors. The parameters under investigation are Ti0 2 size, Ti0 2 concentration,
DO concentration, and phenol concentration.

3.2. Materials and Methods
3.2.1. Materials
Ti0 2 anatase nanoparticles (5, 10, and 32nm) used in this study were procured from Alfa
Aesar (Ward Hill, MA). X-ray diffraction was employed to confirm the anatase crystal structure
and the variable under consideration was the particle size (dry). Phenol (Reagent grade (>99%
purity)) was purchased from Sigma Aldrich (Oakville, ON) and ultrapure water (18M-ohm
resistivity) was generated using a NANOpure Diamond water unit (Thermo Fisher Scientific Inc,
Waltham, MA).

3.2.2. Photocatalysis of phenol
The photocatalytic experiments were performed in custom-built reaction tubes (25mm ID x
250mm length) fabricated from GE-214 clear fused quartz silica (Technical Glass Products Inc.,
Painesville, OH). Teflon® lined 20mm septa and aluminum crimp caps (Cobert Associates, St
Louis, MO) were used to seal the reaction tubes. The sealed photocatalytic reaction tubes were
placed in a modified Rayonet RPR-100 UV photocatalytic chamber (Southern New England
Ultraviolet Co., Branford, CT). The chamber was equipped with sixteen phosphor-coated lowpressure mercury lamps (Southern New England Ultraviolet Co., Branford, CT) on the outer
perimeter with a centrally located rotating inner carousel. In all experiments, the inner carousel
was set at a constant rotational speed to minimize variation in irradiance between the reaction
tubes. Three fused quartz reaction tubes (for triplicate study) were placed on the inner rotating
carousel and the contents were magnetically stirred to maintain the catalyst in suspension,
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minimize particle agglomeration, and minimize any mass transfer limitation (Figure 3.1). The
•

•

2

average irradiance emitted from the lamps (300nm monochromatic UV light) was 9 mW/cm .
An average irradiance of 10mW-cm"2 was not achieved in the UV chamber with the available
supply of lamps. The radiation intensity was measured using a calibrated UV-X radiometer
equipped with a 300nm UV sensor (UV Process Supply, Chicago, IL). The reactor temperature
was maintained constant by placing the UV photocatalytic chamber inside a temperature
controlled chamber. All the photocatalytic experiments, except those evaluating the impact of
temperature, were performed at 37±2°C. The adsorption of phenol onto TiC>2 is not limited near
neutral pH, and hence, all the experiments were conducted with ultrapure (Milli-Q) water
without further pH adjustments (Bhatkhande et al., 2001).

Temperature-controlled
chamber

1

•Crimp with Teflon ® seal

UV chamber

Quartz reaction tube

Monochromatic UV Lamp(300nm)

Magnetic Stirrer Plate

Reaction liquid
• Magnetic Stirrer

n

Circulation fan
Figure 3.1

Schematic diagram of photocatalytic reactor (and experimental setup).

The effects of no O2 and adding saturated levels of 0 2 (BOC Canada, Windsor, ON) on
phenol degradation in the presence of Ti02 was achieved by purging the reaction tube suspension
with nitrogen (N2) and O2 respectively for 10 minutes (BOC Canada, Windsor, ON). In the
former case, N2 was added to the headspace and in the latter, oxygen was added. The tubes were
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subsequently sealed with 20mm Teflon® lined silicon rubber septa and aluminum crimp caps.
In experiments conducted with O2 less than at the saturated level, the headspace was purged and
subsequently filled with air (BOC Canada, Windsor, ON). Over the duration of each experiment,
a fixed amount of the reaction liquid (1ml) was withdrawn at specific time intervals and stored in
capped tubes wrapped with aluminum foil. After centrifuging the samples, the centrates were
analyzed by high performance liquid chromatograph (HPLC). To estimate the quantity of CO2
produced, a fixed amount of headspace gas (50|al) was withdrawn and analyzed using a gas
chromatograph (GC).

3.2.3. Analytical measurements and surface area measurements
The phenol concentration was monitored using HPLC (Dionex Ultimate 3000, Sunnyvale,
CA). The instrument was equipped with a UV-visible photodiode array detector set at 215nm
and configured with an Acclaim CI8-3 nm-2.1mm (ID) x 100mm (length) column (Dionex,
Sunnyvale, CA). The analysis was conducted isothermally with the oven temperature set at 45°C
and with an eluent (acetonitrile-water mixture (1:4)) (Fisher Scientific, Ottawa, ON) flow rate set
at 0.4ml/min. The HPLC detection limit for phenol was 5(j.g/l.
Headspace C0 2 was analyzed using a Varian CP 3800 GC (Varian, Palo Alto, CA). The GC
was configured with a Shin Carbon ST 1mm (ID) x 2m (length) column (Restek, Bellefonte, PA)
and the hydrogen carrier gas (BOC, Windsor, ON) flow rate was set at 20ml/min. The analysis
was conducted using the following oven temperature program: 80°C for 0.5 min, ramp to 120°C
at 30°C/min and hold for 1.0 min then ramp to 150°C at 40°C/min. The injection and detector
temperatures were set at 100°C and 180°C, respectively. The GC detection limit was 0.2kPa for
C0 2 .
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A DO probe (YSI 57 DO meter equipped with YSI 5905 DO probe (YSI, Yellow Springs,
OH)) was calibrated using known levels of DO.

In control studies, the DO levels were

monitored for each experimental condition under consideration.
SSA (m /g) of the Ti02 nanoparticles was determined using the Brunauer-Emmett-Teller
(BET) gas adsorption technique (Quantachrome NOVA

1200e surface area analyzer,

Quantachrome Instruments, Boynton Beach, FL). The instrument temperature was set at 77K
and N2 (BOC, Windsor, ON) was the adsorbate.

3.2.4. Experimental design and statistical analysis
A four factor three level Box-Benkhen design (BBD) having three central points with three
replicates was used to determine the operating conditions for maximizing the phenol degradation
rate. The method consisted of defining a minimum or low level (denoted as 1), a central or
medium level (denoted as 2) and a high or maximum level (denoted as 3) for each experimental
factor (Table 3.1).
Table 3.1: Selected factors and their levels for the Box-Benkhen design
\Factors

Levels
1
2
3

Ti02 Nanoparticle Size
TiC>2 catalyst DO Conc.
(nm)
Conc.
(mg/1)
[Specific surface area of TiC>2 particles
(g/»
\
(m2/g)l
0.04
5a [275±15]b
0.1
a

10 [131±12]
a

32 [47±2]

b

b

Initial
Phenol
Conc.
(mg/1)
40

0.5

7.80

70

1.0

31.0

100

Notes:
a
Particle size
b
BET surface area; Average and standard deviation for triplicate samples.

The experiments were conducted under the conditions defined in Table 3.2. A full quadratic
model was evaluated for the response function and the experimental data (apparent degradation
rate constant (min"1)) were analyzed statistically using Minitab statistical software (Version 15,
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Minitab Inc., State College, PA). Nine experiments (three batches with three replicates) were
conducted at the central points to estimate the magnitude of error or "noise" in the experimental
analysis. The experiments were performed in a random manner in order to avoid any systematic
bias in the outcomes. The responses from process factors other than those selected for the
experimental design were considered as error for the experimental design under examination.
The coefficients of the quadratic model, which describes the degradation rate (response) as a
function of the reaction conditions (independent variables), were calculated by a multiple
regression analysis on the experimental data. The coefficients were analyzed using an analysis
of variance (ANOVA) to evaluate if a given term had a significant effect (p < 0.05).

The

adequacy of the final model was verified by graphical and numerical analysis using the Minitab
(version 15) statistical software (Box et al., 1978).
The factors and the experimental levels for each factor were selected based on literature
values, available resources, and results from preliminary experiments.

The levels of Ti0 2

particle size (dry) were chosen based on the commercial availability of the photocatalyst with the
same crystal structure.

The maximum and minimum levels of Ti0 2 concentrations were

determined by preliminary experimental study.

Below the lowest Ti0 2 concentration, the

photocatalytic effect was overwhelmed by photolysis; and any further increase in Ti0 2
concentration above the highest level was counter-productive due to photo-hindrance caused by
the turbidity of the suspension.

The maximum and minimum boundaries of the DO

concentration were selected so as to expand the capabilities of the model over a reasonable
operating range. The phenol concentration was limited by the applicability of the apparent first
order kinetics over the range reported for an industrial effluent (Lee and Mills, 2004; Herrmann,
2005).
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Table 3.2: Design matrix for experimental factors and response at different factor levels
Expt.
Order

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27

Ti0 2
Size
(nm)

Factors
DO
Ti0 2
Conc.
Conc.
(mg/1)
(g/I)

10
10
32
10
10
10
10
10
32
10
10
5
10
5
10
5
32
32
5
32
5
5
32
10
10
10
10

0.1
0.5
0.5
0.1
1.0
0.5
0.5
0.5
0.5
0.5
0.5
0.1
0.1
0.5
1.0
0.5
0.5
0.5
0.5
1.0
0.5
1.0
0.1
1.0
0.5
1.0
0.1

0.04
7.80
7.80
31.0
0.04
31.0
7.80
0.04
7.80
31.0
0.04
7.80
7.80
31.0
7.80
7.80
0.04
31.0
0.04
7.80
7.80
7.80
7.80
7.80
7.80
31.0
7.80

Phenol
Conc.
(mg/I)

Response
Apparent degradation rate constant
(min"1)
Replicate Replicate
Replicate
1
2
3

70
70
40
70
70
100
70
100
100
40
40
70
100
70
100
40
70
70
70
70
100
70
70
40
70
70
40

0.001
0.0127
0.0093
0.0161
0.0009
0.0258
0.0068
0.001
0.0036
0.0935
0.0012
0.0069
0.0027
0.0231
0.0036
0.0053
0.0002
0.0069
0.0007
0.005
0.0039
0.0041
0.0051
0.0074
0.0085
0.0313
0.0056

0.0009
0.0121
0.0087
0.0165
0.001
0.0235
0.0073
0.0007
0.0037
0.0853
0.0013
0.0072
0.0027
0.0238
0.0036
0.0058
0.0006
0.0067
0.0008
0.0053
0.003
0.0041
0.0049
0.0075
0.0076
0.0402
0.0054

0.001
0.0105
0.0093
0.0168
0.001
0.0265
0.0075
0.0007
0.0037
0.1053
0.0013
0.0066
0.003
0.0269
0.0033
0.005
0.0012
0.0075
0.001
0.0059
0.0033
0.004
0.005
0.0077
0.01
0.0443
0.0063

The factors and the experimental levels for each factor were selected based on literature
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3.3. Results and Discussions
3.3.1. Phenol photocatalysis
The residual phenol concentration was monitored over a one hour interval (Figure 3.2 (A))
and the disappearance rate (removal) was modeled using Equation 3.1.
-(dC/dt)

= kC

(3.1)

In equation (1), k is the reaction rate constant, referred hereafter as apparent degradation rate
constant (min"1), C is the phenol concentration (mg/1) and (-dC/dt)

is the first order degradation

disappearance (removal) rate. - l n ( C / C 0 ) was plotted against the reaction time to determine
the apparent degradation rate constant (Figure 3.2 (B)). Control experiments were performed
without the TiC>2 catalyst.

The quantum yield (s) was determined using Equation 3.2 (Salinaro

et al., 1999; Lee and Mills, 2004).
^

_

(number of phenol molecules degraded per unit time)
(number of incident photon per unit time)

^

^

The calculated photolysis (no TiCh) quantum yield of approximately 1.5% was significantly
lower than the photocatalytic (with TiC^) yield of 35%.

The higher values observed for the

photocatalytic degradation rate and quantum yield were likely due to the higher conversion of
photo-generated electrons to "OH radicals on the Ti02 catalyst surface (Bhatkhande et al., 2001;
Herrmann, 2005).
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Figure 3.2 Phenol degradation profiles for photocatalysis and photolysis
(A) Residual concentration (B) Disappearance (removal) rate
[Ti02 size: 10 nm; DO: 31.0 mg/1; Phenol concentration: 70 mg/1
Average with standard deviation (SD) for triplicate samples are shown]

3.3.2. Experimental design analysis
For the response surface optimization study, the photocatalytic degradation of phenol was
performed at each design point of the four factors (Ti02 size, Ti02 concentration, DO
concentration and phenol concentration) three levels Box-Benkhen design shown in Table 3.1.
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Considering this design, three sets (replicates) of 27 experiments were performed. The residual
phenol concentration was determined at regular intervals over the duration of each experiment
and the data was used to compute the apparent degradation rate constant (min"1). The apparent
degradation rate constant (k) was considered as the response variable and the computed values at
different factor-level combinations were treated statistically to develop the response surface
model. The experimental response for the design with the natural level of the experimental
factors in the form of a matrix is presented in Table 3.2.

A quadratic model described by

Equation 3.3 was evaluated for the experimental response. The terms ao to ai4 in Equation 3.3 are
the regression coefficients of the respective model factors.
k = a0 + ax* Ti02 size + a2 * Ti02 Conc + a3 * DO + a4 * Phenol Conc
+ a5 * (Ti02 size)2 +a6* (Ti02 Conc)2 +a7* (DO)2 + a% * (PhenolConc)2
+ aq* (Ti02 size) * (Ti02 Conc) + al0 * (Ti02 size) * (DO)
+ an* (Ti02 size) * (PhenolConc) + an * (Ti02 Conc) * (DO)
+ a13 * (Ti02 size) * (Phenol Conc) + a14 * (DO) * (PhenolConc)

(3.3)

3.3.3. Effects of factors on response variable
The effect of the four factors on the response variable is shown in Figure 3.3(A). A larger
apparent degradation rate was observed with TiC>2 particle size set at lOnm (the middle setting)
and TiC>2 concentration of 0.5g/l. Notice the greater degradation rates were correlated with
higher DO levels. At low phenol levels, the degradation was faster than at higher concentrations.
One possible explanation is that at high phenol concentrations competition for active sites of the
catalyst is greater than that at the lower concentration. In addition, loss of photons due to the
absorption by the substrate molecules could also contribute to the lower photocatalytic rates at
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Figure 3.3 Matrix of plots of experimental factors for apparent degradation rate constant in a
four factors, three levels Box-Benkhen design.
(A) Main effects plot (B) Two-factor interaction plots
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higher phenol concentrations. At the lowest DO level (0.04mg/l), small response values were
observed under all the factor-level combinations (Table 3.2). The largest degradation rate was
recorded at 40mg/l phenol with 0.5g/l of the lOnm Ti02 catalyst and at a DO level of 31 mg/1.
The higher availability of DO likely enhanced the formation of oxidative radicals and increased
the photocatalytic rates. A plot of the two-factor interaction matrix (Figure 3.3(B)) showed
evidence of interaction at all factor-level combinations.
Contour plots of the response variable (the apparent degradation rate constant (min"1)) for
different experimental factors (two-factor-at-a-time) are presented in Figure 3.4 (A to E).
Contour lines connect the points of equal response (equal apparent degradation rate constant).
Strong evidence of interaction between the Ti02 size and DO concentration was noticed in
Figure 3.4(A). Also notice the contour line trend indicates that high apparent degradation rates
were associated with elevated DO levels and lower Ti0 2 nanoparticles size. Similarly, larger
increases were observed for elevated Ti0 2 concentrations as the DO concentration increased
(Figure 3.4(B)). Unlike in Figure 3.3(A), interaction between the Ti02 concentration and DO
concentration is well evident in Figure 3.4(B). The reaction rate constant increased as the Ti02
particle size decrease and as the DO levels increased. The contour plot for Ti02 particle size and
phenol concentration (Figures 3.4(C)) revealed that the middle level of the Ti02 particle size is
the most effective in degrading high phenol concentrations. From the contour plot for phenol
concentration and DO concentration (Figure 3.4(D)), a strong interaction between the two factors
was observed. Notice the apparent degradation rate constant was augmented with decreasing
phenol levels and increasing DO concentrations.

The optimum factor levels at which the

apparent degradation rate constant attain a maximum is expected beyond the factor range under
consideration. However, increasing the oxygen concentration beyond the saturation level is not
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used in many treatment systems, hence, additional experiments were not conducted beyond the
upper level of DO under examination. The contour plot of the apparent degradation rate constant
for Ti0 2 size and Ti02 concentration predicted a polynomial relation with the response variable
(Figure 3.4(E)). A maximum response was expected near the mid-region of the factor space.
Further optimization analysis was performed to locate the region of maximum response. The
numerical optimization function in the Minitab software, based on the D-optimality criterion,
was used to locate the maximum response within the factor-space under evaluation. The Doptimality criterion varied between zero (worst case) and one (ideal case) for all the factors. The
software searches for all possible factor settings and compute the largest D-optimality value.
The optimality plot for the apparent degradation rate, beginning from the low setting for all four
factors under consideration, is presented in Figure 3.4(F).

A D-optimality of 1.00, with a

maximum response (apparent degradation rate) value of 0.083mm"1, was recorded at 40mg/l
phenol using a Ti02 particle size of 9.09 lnm together with 1.0g/l Ti02 and 31 mg/1 DO. In
comparison, the degradation rate computed using experimental data at 1 Onm Ti02 particle size,
1.0g/l Ti02 concentration, 31 mg/1 DO concentration, and 40mg/l phenol concentration was 0.072
min"1 (with standard deviation of 0.0017 min"1). The experimental response was 13% less than
the predicted maximum response. The predicted factor setting of the Ti02 particle size for a
maximum response corresponded with the experimental particle size of 1 Onm which was used to
develop the model.
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Figure 3.4

Effect of design factors on the response variable (apparent degradation rate
constant).
(A) Contour plot of response for DO concentration and Ti02 size
(B) Contour plot of response for DO concentration and Ti02 concentration
(C) Contour plot of response for Phenol concentration and Ti02 size
(D) Contour plot of response for Phenol concentration and DO concentration
(E) Contour plot of response for Ti02 concentration and Ti02 size
(F) Optimality plot to locate optimum factor levels for maximized response
[Lines in the contour plots connect the points of equal response (equal apparent
degradation rate constant, min"1) for a pair of experimental factors studied]
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3.3.4. Development of the response surface model
An analysis of variance (ANOVA) was performed to evaluate a full quadratic response
surface model presented in Equation 3.3. The ANOVA results (Table 3.3) of the experimental
data revealed that the model was statistically significant with linear, quadratic, and interaction
terms. Note the differences between replicates were statistically insignificant (p = 0.816). A
multiple regression analysis was performed on the experimental data to estimate the regression
coefficients for the model. The computed regression coefficients for the model along with their
respective p-values are presented in Table 3.4. A backward elimination method was applied and
statistically insignificant terms (p > 0.05) were deleted from the full quadratic model to obtain a
final response surface model (Equation 3.4).
k = 0.0022244 * (Ti02 size) + 0.0037492 * (DO) - 0.0000523 * (Ti02 size)2
- 0.0224267 * (Ti02 Conc)2 - 0.0000430 * (Ti02 size) * (DO)
+ 0.0008159 * (Ti02 Conc) * (DO) - 0.0000414 * (DO) * (PhenolConc)

(3.4)

Table 3.3: ANOVA results of the experimental response at different factor levels.
Source
Blocks
Regression

Linear
Square
2-Factor Interaction
Lack-of-Fit

Residual Error
Total
Notes
1. DF = degrees of freedom
2. Seq SS = sequential sum of square

DF'
2
4
4
6
64
80

Seq SS2
0.000028
0.014907
0.001541
0.007095
0.004589
0.028132

F
0.20
14.63
5.47
17.01

P
0.816
0.000
0.001
0.000
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Table 3.4: Response surface model regression coefficients for the apparent degradation
rate constant
Regression
Coefficient
-0.0117166
Constant
ao
0.0022244
ai
TiOz Size
0.0200750
Ti0 2 Conc.
a2
0.0037492
DO Conc.
-0.0004234
Phenol Conc.
a4
-0.0000523
Ti0 2 Size*Ti0 2 Size
35
-0.0224267
Ti0 2 Conc*Ti0 2 Conc.
0.0000117
DO Conc.* DO Conc.
a7
0.0000044
Phenol Conc*Phenol Conc.
ag
0.0000300
Ti0 2 Size*Ti0 2 Conc.
ag
-0.0000430
Ti0 2 Size* DO Conc.
aio
0.0000007
Ti0 2 Size*Phenol Conc.
an
0.0008159
Ti0 2 Conc.* DO Conc.
an
-0.0000021
Ti0 2 Conc.*Phenol Conc.
an
-0.0000414
DO Conc.*Phenol Conc.
ai4
Note: Shaded values are statistically significant at 5% level of significance
Term

Coefficient

P
0.514
0.017
0.278
0.000
0.234
0.013
0.036
0.341
0.065
0.933
0.000
0.890
0.013
0.991
0.000

3.3.5. Verification of the response surface model
A scatter plot of the experimental data against values predicted by the model (Figure 3.5(A))
revealed a reasonable correlation for all levels (experimental orders). The residuals (difference
between the predicted and experimentally observed apparent degradation rate) are important
indicators which are useful in judging the adequacy-of-fit of the model to the experimental data.
An adequate fit of the model residuals to the normal distribution was verfied to ensure the model
accuracy. The Anderson-Darling (AD) statistic was used to verify the normal distribution of the
residuals (Figure 3.5(B)) (Stephens, 1974). The calculated AD statistic (0.736) was less than the
critical value of the statistic (0.752) for a sample size of 81 and at a 5% level of significance
(Stephens, 1974; Montogomery, 2005). Comparative AD statistic confirmed normal distribution
of residuals and suggested that the model prediction correlated reasonably well with the
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experimental results over the factor-space analyzed in this study. The results of a two sample ttest suggested that the difference between the experimental mean and the model predicted mean
response (apparent degradation rate) is statistically insignificant at a 95% level of confidence.
For the two sets of data under consideration, the difference between the mean values was
considered statistically insignificant when

tCOmputed

(1-45) was less than

ttabuiated

(1.66)

(Montogomery, 2005).
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Figure 3.5 Assessing the accuracy of the response surface model.
(A) Scatter plot of the apparent degradation rate constant against experimental
order (81 experiments);
(B) Anderson-Darling normality plot of residuals
[AD: Anderson Darling statistic; N: sample size; P: level of confidence; Mean:
Mean value of residual for the apparent degradation rate constant (difference
between model prediction and experimental result); SD: Standard deviation of the
residuals for 81 experiments (N)]
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Figure 3.6 Validation of the response surface model for the design factors under consideration.
(A) Apparent degradation rate constant versus Phenol concentration.
[Ti0 2 size: 10 nm; Ti0 2 concentration: 1.0 g/1; DO: 31.0 mg/1]
(B) Apparent degradation rate constant versus DO concentration.
[Ti0 2 size: 10 nm; Ti0 2 concentration: 1.0 g/1; Phenol concentration: 100 mg/1]
(C) Apparent degradation rate constant versus Ti0 2 concentration.
[Ti0 2 size: 10 nm; DO: 31.0 mg/1; Phenol concentration: 100 mg/1]
(D) Apparent degradation rate constant versus Ti0 2 size
[Ti0 2 concentration: 0.5 g/1; DO: 7.8 mg/1; Phenol concentration: 100 mg/1]
[Average with standard deviation (SD) for triplicate samples are shown]
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Additional experiments were conducted to confirm the validity and accuracy of the response
surface model within the range of design variables under consideration. A separate validation
study was performed for each of the four factors under evaluation. Model predictions were in
agreement with the observed results for phenol levels ranging from 40 to 100mg/l (Figure
3.6(A)).

For the DO concentration, the predicted results were consistent with the values

observed. However, at high DO levels the model over estimated the apparent degradation rate
(Figure 3.6(B)). Notice the trends for varying Ti02 concentrations (Figure 3.6(C)) and Ti02
sizes (Figure 3.6(D)) agreed with the experimental observations.

The predicted value was

slightly over-estimated compared to the actual observations for low and high Ti02 concentrations
and for the mid and high Ti02 nanoparticle sizes.
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Figure 3.7 Quantum yield and specific surface area versus Ti02 size
[Ti0 2 Conc.: 0.5 g/1; DO: 7.8 mg/1; Phenol concentration: 100 mg/1
Average with standard deviation (SD) for triplicate samples are shown]

3.3.6. Quantum yield, mineralization rate and temperature dependency
Quantum yields (%) were computed for each of the three Ti02 particle size. A plot of the
quantum yield and specific surface area against particle size suggested that an increase in the
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SSA augmented the quantum yield during the photocatalytic degradation process within the high
and mid TiC^ particle sizes under consideration. As the Ti02 catalyst particle size was reduced
from lOnm to 5nm with a corresponding increase in the SSA, the quantum yield did not show
any improvement (Figure 3.7).
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Figure 3.8 Mineralization profile for phenol during photocatalysis
(A) Residual phenol concentration and carbon dioxide formation profile
(B) Mineralization rate profile
[Ti0 2 size: 10 nm; Ti0 2 conc.: 1.0 g/1; DO: 31 mg/1; Phenol conc.: 100 mg/1
Average with standard deviation (SD) for triplicate samples are shown]

A correlation between the quantum yield and the SSA confirmed that the optimum Ti02
particle size for maximum photocatalytic activity is approximately 1 Onm. Literature suggested
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that an increase in bandgap energy (0.15eV) occur for Ti0 2 nanoparticles as the particle size
approach the quantum size barrier. This effect relates to the confinement of charge carriers
(electron or hole) as the particle size approaches the order of de-Broglie wavelength (Linsebigler
et al., 1995; Carp et al., 2004). Hence, the lower quantum yield observed below the optimum
TiC>2 size (lOnm) could be attributed to the quantum size effect. However, discrepancies exist in
the literature sources with respect to the TiC>2 particle size where the quantum size effect is
observable (Kormann et al., 1988; Beydoun et al., 1999). The present study can be considered
useful in accounting the TiC>2 nanoparticle size (lOnm) for maximum photocatalytic activity.
Experiments were performed at the optimum experimental factor settings for the highest
phenol level under consideration. The degradation (or mineralization) rate was estimated by
measuring the quantity of CO2 formed in the headspace of the reaction tubes.

Complete

degradation of phenol was evident after 4 hours of reaction (Figure 3.8(A)) and the
mineralization rate followed zero-order kinetics (Figure 3.8(B)) with a rate constant of 0.0012
mmol CCVminute.
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Figure 3.9 Arrhenius plot of photocatalytic degradation rate constant for phenol
[Ti0 2 size: 10 nm; Ti0 2 conc.: 1.0 g/1; DO: 31 mg/1; Phenol conc.: 100 mg/1
Average with standard deviation (SD) for triplicate samples are shown ]
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Photocatalytic degradation experiments conducted with 100mg/l phenol was performed under
three temperature conditions (23°C (300K), 30°C (303K), and 37°C (31 OK)) in the presence of a
lOnm Ti02 catalyst at a concentration of 1.0g/l and with a DO level set at 31 mg/1.

The

photocatalytic degradation rate, kt, (mol.s"1) was computed and a plot (Figure 3.9) of - In kt vesus
1/T showed evidence of Arrhenius dependency of the degradation rate. For the lOnm particle
size Ti0 2 photocatalyst, the calculated activation energy of 13.55 kJ/mol-K was within the range
of values reported for the Degussa P25 Ti0 2 photocatalyst (Kartal et al., 2001).

3.4. Conclusion
A response surface model, based on the Box-Benkhen technique, was developed to describe
the photocatalytic degradation of phenol in an aqueous medium. A maximum degradation rate
constant of 0.083mm 1 was predicted with 40mg/l phenol concentration, 31 mg/1 DO, a Ti0 2
particle size of 9.09 lnm and 1.0g/l Ti0 2 . The photocatalytic degradation rate constant was
computed by conducting experiments at the optimum factor levels predicted by the model. The
result (0.072 min"1) was approximately 13% less than the optimum response value predicted by
the model.
Increasing the specific surface area by reducing the particle size within the nanometer range
enhanced the phenol photocatalytic degradation rate. The degradation rate constant reached a
maximum (0.072 ± 0.0017 min"1) with a catalyst particle size of lOnm. The highest quantum
yield (35 ± 2.5%) was observed for Ti0 2 particle size in the range of approximately lOnm.
Other than the catalyst size, the catalyst concentration and DO concentration had a significant
impact on the apparent degradation rate constant. At low phenol levels, the degradation rate
constant was greater when compared to elevated phenol concentrations. The photocatalytic

70

degradation rate constant followed an Arrhenius relationship with activation energy of 13.55
kJ/mol-K for 10 nm Ti02 nanoparticle size.
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CHAPTER 4:
STATISTICAL MODEL FOR PHOTOCATALYSIS OF
p-CRESOL WITH TITANIUM DIOXIDE NANO-PARTICLES
4.1. Introduction
Phenols and phenol derivatives such as cresols, have widespread industrial and commercial
applications in the formulation of paints, lubricants, pesticides, and resins (Budkowska and
Kowalska, 2003). Cresols are also produced as by-product from fractional distillation of crude
oil, coal tars, and gasification of coal (EHC 168, 1995). Phenol and cresols (mono-substituted
phenols) are toxic contaminants with carcinogenic, teratogenic, and mutagenic properties and are
also known to have endocrine disrupting abilities (EHC 161, 1994; EHC 168, 1995; Budkowska
and Kowalska, 2003). Conventional physical and chemical treatment processes are not designed
to effectively remove or degrade phenolic compounds (United States Environmental Protection
Agency (USEPA), 2001; Westerhoff, 2003; Auriol et al., 2006). The biological treatment
methods are relatively ineffective beyond threshold concentration cresols because of the toxicity
imposed on microorganisms (Autenrieth et al., 1991). Thus, conventional treatment facilities
comprising of physical, chemical and biological treatment processes have varied level of
effectiveness in removing cresols from industrial effluents (Westerhoff, 2003). The USEPA has
suggested carbon adsorption as a preferred technique for treating effluents containing phenolic
compounds, including cresols (USEPA, 2001).

However, adsorption is essentially a phase

transfer process rather than a degradative process and thus, these chemicals still persist in the
environment.
In recent years, heterogeneous photocatalysis using Titanium dioxide (Ti0 2 ) have been
identified as a potential alternative to existing treatment technologies. Ti02-photocatalysis offer a
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unique advantage over other alternatives because in this treatment technique toxic organic
pollutants are photo-oxidized to carbon dioxide (CO2) and water (Ollis et al., 1991). The Ti0 2
catalyst surface on photo-illumination generates electron-hole pairs which initiate the formation
of hydroxyl radicals ('OH) (Linsebigler et al., 1995; Lee and Mills, 2004). These 'OH radicals
subsequently mediate the degradation of organic molecules (Herrmann, 2005). The oxidative
potential of Ti0 2 originates from its semiconductor band gap and the process is initiated by
radiation with wavelengths less than 380 nanometer (nm) (Matthews, 1992; Lee and Mills,
2004).
Many factors are known to affect the Ti0 2 photocatalytic degradation rates of phenolic
compounds (phenols and mono-substituted phenols). Increasing reaction rates are associated
with higher photon energy and increase in the number of incident photons. The number of
incident photons is directly related to the intensity of the incident radiation and lower
wavelengths of radiation have higher energy photons (Lee and Mills, 2004; Herrmann, 2005).
Another factor is the bandgap energy, which is controlled by the crystal structure of Ti0 2
(Rajeshwar, 1995). Among all four crystal forms of Ti0 2 , anatase-Ti0 2 has the highest bandgap
energy (3.2eV), and therefore, photocatalytically it is the most active crystal form (Bhatkhande et
al., 2001). The surface area of the catalysts also affects Ti0 2 photocatalytic rates. The surface
area is directly related to the particle size of the photocatalysts (Shah et al, 2002). Hence, nanosized Ti0 2 photocatalysts (e.g. Degussa P25, Hombikat) have higher photocatalytic efficiencies
compared to the pigmentary grade (particle size in the micron range) (Bhatkhande et al.; 2001;
Gogate and Pandit, 2004). The photocatalytic rates are strongly influenced by the number of
catalyst particles, which in practice is synonymous with the catalyst concentration or catalyst
loading (Mills et al.; 1993). At low Ti0 2 catalyst concentrations, the rate of photolytic (no Ti0 2 )
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degradation is greater than photocatalysis (with Ti02). While at higher concentrations of the
catalyst particles, the photocatalytic rates are impeded by the limited penetration depth of the
incident light.

This limited penetration of light is due to the incremental solution turbidity

(Gogate and Pandit, 2004). The photocatalytic process is enhanced in the presence of oxygen
(O2) in the reaction medium as O2 serves as a precursor for generating 'OH radicals (Fox and
Dulay, 1993). The quantity and type of adsorption of reactant molecules onto the catalyst surface
also affect the rate of photocatalytic degradation. According to Lee and Mills (2004), monolayer
adsorption is preferred for maximum reaction rates. The phenolic compounds in the millimolar
concentration range are reported to result in monolayer adsorption (Lee and Mills, 2004;
Herrmann, 2005). The reaction rates at high substrate (phenolic) concentrations are hindered due
to direct adsorption of photons by the organic (substrate) molecules. The adsorption of substrate
on the catalyst surface is also correlated with the substitution pattern and the substituted
functional group for phenolic compounds. Hence, different photocatalytic rates are reported for
phenolic compounds with different substitution patterns and varied substituted functional groups
on the benzene ring (Tsai and Cheng, 1997; Bhatkhande et al., 2001; Gogate and Pandit, 2004;
Pera-Titus et al., 2004; Kusvuran et al., 2005).
Although some reports are available, evidence describing the effects of different process
variables on the photocatalytic rate is limited (Bhatkhande et al., 2001; Kartal et al., 2001;
Sakkas et al., 2010). In a recent study by Ray et al. (2009), the Box-Benkhen design (BBD)
procedure was used to statistically model the photocatalytic degradation rate of phenol. These
researchers developed a second-order (quadratic) model which included the following factors:
Ti02 particle size, Ti02 concentration, dissolved oxygen (DO) concentration, and substrate
(phenol) concentration. Ray et al. (2009) observed first (pseudo) order kinetics for the
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photocatalytic degradation of phenol in presence of Ti02 nanoparticles. The model equation for
an apparent first order rate constant (k) is shown as Equation 4.1 (phenol model).
k = 0.0022244* (Ti02 size) + 0.0037492* (DO) - 0.0000523* (Ti02 size) - 0.0224267* (Ti02 Conc)2
- 0.0000430 * (Ti02 size) * (DO)+ 0.0008159 * (Ti02 Conc) * (DO) - 0.0000414 * (DO) * (Substrate Conc)

(4.1)

A possible extension to the work reported by Ray et al. (2009) is to examine the validity of
the phenol model (Equation 4.1) for other phenolic chemicals, such as substituted phenols.
Among the various substituted phenols p-cresol is one, which is widely used in industrial
applications and its presence in the environment has been documented in earlier studies (EHC
168, 1995; Clarke et al., 1997; Bhatkhande et al., 2001; Kusvuran et al., 2005; Sakkas et al.,
2010). Hence, the objective of this work is to confirm the validity of the statistical phenol
photocatalytic model for p-cresol degradation by Ti0 2 nanoparticles. The phenol model
(Equation 4.1) was validated for all the four experimental factors, namely, Ti0 2 particle size,
Ti0 2 concentration, DO concentration, and p-cresol (substrate) concentration by conducting
experiments at selected levels of the experimental factors.

4.2. Materials and methods
4.2.1. Photocatalysis of/>-Cresol
Photocatalytic experiments were conducted in a custom-built ultraviolet (UV) photocatalytic
reaction chamber (modified RPR-100, Southern New England Ultraviolet Co., Branford, CT)
which was equipped with sixteen 300nm, monochromatic, low pressure, phosphor coated
mercury vapor lamps (Southern New England Ultraviolet Co., Branford, CT) on the outer
perimeter (Figure 3.1). An average radiation intensity of 9 mW-cm" was maintained throughout
the experiment (calibrated by radiometer (UV-X with 300nm sensor, UV Process Supply,

Chicago, IL). The experimental apparatus was identical with that reported for developing the
phenol model (Ray et al., 2009). Photocatalysis of /?-cresol was conducted in a custom-built
reaction tubes (25 mm ID x 250 mm length) constructed from 100% UV transmitant glass (GE214 clear fused quartz silica, Technical Glass Products Inc., Painesville, OH). Photocatalytic
experiments, except for those performed to evaluate the temperature effect, were conducted at
37±2°C (Ray et al., 2009).

The temperature of the UV reaction chamber was maintained

constant throughout the reaction by placing the reaction chamber into a temperature controlled
chamber (MaxQ, Thermo Fisher Scientific Inc, Waltham, MA). The photocatalytic reaction rates
are least affected by solution pH at the isoelectric point (point of zero surface charge (zpc)) of
Ti02. The isoelectric point of Ti02 is reported to be at near neutral pH condition (Bhatkhande et
al., 2001). Hence, all the experiments were conducted in ultra-pure water with pH 7.0 ± 0.5
without any further pH adjustment. The ultrapure water (18M-ohm resistivity) was generated
using a NANOpure Diamond Lab water system (Thermo Fisher Scientific Inc, Waltham, MA).

4.2.2. Analytical methods
Liquid samples were removed at regular intervals and analyzed for residual p-cresol using a
high performance liquid chromatograph (HPLC) configured with an Acclaim C18-3^m-2.1mm
(ID) x 100mm (length) column (Dionex, Sunnyvale, CA). The eluent (acetonitrile-water mixture
(2:5)) flow rate was set at O^ml-min"1 and the column temperature was maintained at 45°C. The
headspace gas was analyzed for CO2 using a gas chromatograph (GC) (Varian CP 3800, Varian,
Palo Alto, CA). The GC was configured with a Shin Carbon ST 1mm (ID) x 2m (length) column
(Restek, Bellefonte, PA) and the hydrogen carrier gas (BOC, Windsor, ON) flow rate was set at
20ml-min~1. The analysis was conducted using the following oven temperature program: 80°C for
0.5min, ramp to 120°C at 30°C/min and hold for lmin then ramp to 150°C at 40°C/min. The
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thermal conductivity detector (TCD) and the injector were set at 180°C and 100°C respectively.
The GC analytical methods were adopted from Ray et al. (2009). The detection limit for p-cresol
(HPLC) and CO2 (GC) were O.OlmgT1 and 0.2kPa, respectively. All experimental conditions
were evaluated in triplicates.

4.2.3. Experimental factor levels
The photocatalysis of p-cresol was conducted using TiC>2 nanoparticles with 5 nm, 10 nm,
and 32 nm diameters (> 99% Purity, Alfa-Aesar, Ward Hill, MA). The crystal structure for each
TiC>2 nanoparticle size was identical (anatase) and was confirmed by X-ray diffraction (D8
Discover, Bruker Corporation, Milton, ON). The levels of Ti02 nanoparticle size were selected
based on the commercial availability of the photocatalyst with the same crystal structure. The
only difference in the catalyst particles was the size (dry powder) and the specific surface area
(SSA). The SSA was determined by physisorption of nitrogen (N2) between relative pressure of
0.0 - 0.3 at 77K using the Brunner Emmett Teller (BET) method (Nova 1200e, Quantachrome
Instruments, Boynton Beach, FL). The Ti02 concentration was varied between 0.1 to 1.0 gT 1 .
Preliminary experiments showed that at Ti02 concentration < 0 . 1 gT 1 , the effect of the Ti02
nanoparticles was negligible and at concentration > 1.0 g-1"1, the photocatalytic degradation rate
was affected by the limited penetration depth of light due to high suspension turbidity.

To

validate the model over the entire range of DO concentration, the maximum and minimum
boundaries of the DO concentration were set at 0.04mg-l"1 and 31.0m.gT1, respectively. The
levels of the p-cresol concentration were determined by assuming monolayer (Langmuir type)
adsorption on the photocatalyst surface (Lee and Mills, 2004; Herrmann, 2005). The
experimental factors and their respective levels are summarized in Table 4.1.
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Table 4.1: Factors and levels selected for p-cresol degradation
DO
Initial p-cresol
Ti0 2 catalyst
Size of Ti0 2 nano-particles
(nm)
concentration concentration concentration
(mg/1)
(mg/1)
Levels
(Specific surface area (m2/g))a
(g/1)
b
0.1
0.04
40
5 (275±15)
1
b
70
0.5
7.80
10 (131±12)
2
b
31.0
100
32
(47±2)
1.0
3
a
2
r
The values in bracket is the specific surface area (m /g) o f i0 2 particles (dry)
b
Average and standard deviation for triplicate samples.
\Factors

4.2.4. Validation procedure
Photocatalytic experiments were conducted at the selected levels of each experimental factor.
The experimental factors evaluated were Ti0 2 particle size (dry), Ti0 2 concentration, DO
concentration and p-cresol (substrate) concentration. The reaction rates were computed from the
photocatalytic experiments. The reaction rate order for p-cresol was determined to confirm the
assumption of apparent first order reaction rate in the phenol model (Equation 4.1). The
experimental photocatalytic rates were compared against the model predicted rates to confirm the
validity of the model. Finally, the photocatalytic behavior of p-cresol was compared against
phenol with respect to activation energy and quantum yield.

4.3. Results and discussion
4.3.1. Kinetic study of p-cresol photocatalysis
The residual p-cresol concentration was monitored over a duration of 1 hour in presence of
Ti0 2 (photocatalysis) and in absence of Ti0 2 (photolysis) (Figure 4.1(A)). In both cases, the
removal rate of p-cresol followed first-order kinetics (Equation 4.2).
-(dC/dt)

= kC

(4.2)
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where, k is the apparent first order reaction rate constant, referred herein as apparent degradation
rate constant (min"1), C is the p-cresol concentration (mg/1) and (-dC/dt) is the first order
disappearance (removal) rate. [ - in(C/C0) ] was plotted against the reaction time to determine the
apparent degradation rate constant (Figure 4.1(B)).
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Based on the conditions as those reported by Ray et al. (2009), the photolysis rate (UV without
TiC>2) contributed 10% to the degradation rate of p-cresol, while the remaining 90% was
attributed to photocatalysis (due to the presence of Ti02). Recall the output of the phenol model
is apparent first order rate constant for photocatalytic degradation with TiC>2 nanoparticles.
Figure 4.1(B) confirms the validity of the apparent first order rate kinetics for p-cresol
photocatalysis.

4.3.2. Validation of the statistical model for p-cresol photocatalysis
The phenol model (Equation 4.1) predicted the apparent degradation rate constant (k, min"1)
for p-cresol photocatalysis using four independent factors (TiC>2 size, TiC>2 concentration, DO
concentration, and p-cresol (reactant) concentration) which were varied at three different levels
(Table 4.1). The apparent degradation rate constant was determined using Equation 4.1 and the
computed k value from the model was compared with the corresponding experimental value for
each factor level. The model prediction was in close agreement with the experimental results for
0.4mg/l DO and 7.8mg/l DO; however, at 31mg/l DO, the model over estimated the apparent
degradation rate constant by 33.4% (Figure 4.2 (A)). Notice large variations in the degradation
rate were observed at high DO concentrations. Maintaining high DO levels in the reactor was
difficult and this caused a large fluctuation in the degradation rate. The predicted value for the
degradation rate constants correlated closely well with the experimental value for all the Ti02
levels under examination (Figure 4.2(B)). Higher degradation rates constants were associated
with higher Ti0 2 concentrations. At low p-cresol concentration, degradation rate was faster than
at high p-cresol concentrations. The experimental rate constant was lower than the value
predicted by the model at lower p-cresol concentrations (Figure 4.2(C)). At 70mg/l and 100mg/l
p-cresol, the predicted value for the degradation rate constant correlated closely with the
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experimental value. Photocatalysis is a surface phenomenon and competition for the active sites
on the catalyst surface is expected to increase at high p-cresol concentrations compared to low
levels. Hence, high photocatalytic degradation rates are expected at low p-cresol concentrations.

4.3.3. Verification of optimal condition from the statistical model
Optimizing the Ti02 nanoparticle size for maximum photocatalytic degradation was reported
by Ray et al. (2009).

The D-optimality criterion, computed from the phenol model using

numerical algorithm was used to identify the Ti0 2 nanoparticle size associated with the greatest
photocatalytic degradation rate constant (k). The maximum photocatalytic rate was predicted for
a Ti0 2 particle size of approximately lOnm (9.091nm) (Ray et al., 2009). The experimental
degradation rate data for p-cresol verified the predicted Ti0 2 particle size of approximately
lOnm, when a maximum degradation rate was observed. A plot of the experimental apparent
degradation rate constant and SSA against the particle size shows a maximum rate constant for
the lOnm Ti0 2 particles (Figure 4.3). In spite of an increase in the SSA, a lower apparent
degradation rate was observed below lOnm. This lower photocatalytic degradation rate below
the optimum Ti0 2 size of 10 nm is likely attributed to a phenomenon known as quantum size
effect (Linsebigler et al., 1995; Carp et al., 2004).
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Ti0 2 size (mil)
Figure 4.3

Apparent degradation rate constant and specific surface area versus Ti02 particle
size (dry).
[Averages with standard deviation (SD) for triplicate samples are shown)]

4.3.4. Comparison of activation energy, quantum yield and mineralization
rate
The photocatalytic degradation of p-cresol with lOnm TiC>2 nanoparticle catalyst was
conducted at 23°C (300K), 30°C (303K) and 37°C (31 OK). The degradation rate in mol/s (kt)
was computed and a plot of [- In kt] vesus [1/T] showed an Arrhenius dependency of the
degradation rate (Figure 4.4). An activation energy of 10.77 kJ/mol-K for p-cresol degradation
was computed using lOnm TiC>2 nanoparticles. The observed activation energy for p-cresol is
comparable to the value reported for phenol (13.55 kJ/mol-K) (Ray et al., 2009). Photocatalysis
being a surface phenomenon, the activation energy of the reaction is influenced by the affinity of
the reactant (substrate) for the catalyst surface. The proximity of pka values for phenol (9.99)
and p-cresol (10.09) could be a major reason for similar affinities of phenol and p-cresol for the
catalyst surface (EHC 161, 1994; EHC 168, 1995).
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The quantum yield for the lOnm Ti0 2 nanoparticles was computed for phenol and p-cresol
to confirm the difference in activation energy. The quantum yield is defined as the ratio of the
number of substrate molecules (phenol or p-cresol) degraded to the number of photons irradiated
(Lee and Mills, 2004). The yield for p-cresol degradation (41 ± 1.8%) was statistically greater
than the reported value of 35 ± 2.5 % for phenol (Ray et al., 2009). The result of two-sample ttest indicates that the quantum yields for the two substrates (p-cresol and phenol) are statistically
different (Note

t com puted

(3.4) is greater than

ttabuiated

(3.2) (Montogomery, 1997)). The higher

quantum yield of p-cresol suggests a lower activation energy. A slightly greater quantum yield
for p-cresol when compared to phenol is a suitable indicator that the degradation rate for p-cresol
is larger than for phenol.
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The complete degradation (or mineralization) rate was estimated by measuring the quantity
of CO2 in the reactor headspace. Complete degradation of p-cresol was evident 4 hours after the
reaction was initiated (Figure 4.5(A)).

The mineralization rate followed zero-order kinetics

(Figure 4.5(B)) with a rate constant of 0.0013 mmol CCVminute. The mineralization rate is in
agreement with values reported for phenol (0.0012 mmol CCVminute) (Ray et al., 2009).
Based on calculated values for the quantum yield and activation energy, faster photocatalytic
degradation of p-cresol with TiC>2 nanoparticles is expected in comparison to phenol. However,
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the phenol'model can be used to examine the degradation of p-cresol for the range of the four
factors under consideration.

4.4. Conclusion
The photocatalytic degradation of phenolic contaminants with Ti0 2 is a promising treatment
option when compared to other techniques. The photocatalytic process is affected by factors
which include catalytic material properties, incident radiation characteristics, catalyst loading,
DO concentration, and temperature. Statistical experimental design is a very effective technique
for understanding the interaction between these factors and to consolidate the factors into a
statistical model. A recent study by Ray et al. (2009) reported the development of a statistical
model to predict the degradation rate constant of phenol photocatalysis using Ti0 2 nanoparticles
(phenol model). In this study, the validity of the phenol model for photocatalytic degradation of
p-cresol using Ti0 2 nanoparticles was assessed. Deviation between predicted values with
experimental values was observed when the DO concentration was high and p-cresol
concentration was low. A maximum p-cresol degradation rate constant was recorded for lOnm
Ti0 2 particles. The activation energy and mineralization rate for photocatalysis of p-cresol were
in agreement with that reported in the literature for phenol. The computed quantum yield for pcresol photocatalysis concluded that p-cresol degrades slightly faster than phenol. However, the
phenol model can be concluded to be valid for photocatalysis of p-cresol using Ti0 2
nanoparticles over the range of values for the various factors under consideration.
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CHAPTER 5: FABRICATION AND CHARACTERIZATION
OF AN IMMOBILIZED TITANIUM DIOXIDE
NANOFIBER CATALYST
5.1. Introduction
In the 1970s the photo-induced catalytic ability of Titanium dioxide (Ti(>2) was recognized
by Fujishima and Honda (1972). Since this initial work, many reports have emerged examining
the photocatalytic ability of Ti0 2 (Blake, 1999). Ti0 2 is utilized primarily as a catalyst to oxidize
organic pollutants (Ollis et al., 1991). However, Ti0 2 is also used as electrode materials in solar
cells (Bach et al., 1998), photo-electrochemical cells (Barbe' et al., 1997), solid oxide
electrochemical cells (Guo, et al., 2007) proton exchange membrane fuel cells (Johannes et al.,
2007), and very recently, in microbial fuel cells (Qiao et al., 2008). The demand for high
catalytic efficiency in most of these applications has advanced research initiatives toward the
development of a Ti0 2 catalyst with a large surface-to-volume ratio (Centi and Perathoner, 2009;
Chandrasekar et al., 2009). The charge carrier mobility, electron transfer efficiency, and the rate
of recombination of charge carriers are the performance related size-dependent attributes of Ti0 2
based materials (Centi and Perathoner, 2009). Naturally, decreasing the size to nanometric
dimensions demonstrate an improvement of the performance with respect to micrometric-sized
materials as a result of the increased specific surface area and surface reactivity (He et al., 2007).
Ti0 2 nanoparticles have been widely studied for their enhanced catalytic activity (Sankapal
et al., 2006). Nano-sized Ti0 2 particles are synthesized by solvent routes, such as alkalinehydrothermal, solvo-thermal, micro-emulsion, and anodic oxidation methods. Ti0 2 nanoparicles
are also generated by gas phase methods such as chemical vapor deposition, e-beam evaporation,
magnetron sputtering, and spray pyrolytic deposition (Carp et al., 2004; Sankapal et al., 2006;

91

Centi and Perathoner, 2009). Many of these processes are associated with practical limitations in
relation to intensive process control and high energy consumption, and are often considered
uneconomical (Carp et al., 2004). Recently, sol-gel based synthesis methods are applied to
prepare very large surface area Ti02 nanomaterials (Carp et al., 2004). However, the properties
of these Ti02 nanomaterials are highly dependent on particle aggregation, nano-architecture,
specific surface area, crystal structure, and presence of impurities (Centi and Perathoner, 2009).
Among the different methods used to produce Ti02 nanoparticles, the sol-gel based synthesis
process has received the most research focus due to its easy coupling potential with different
catalyst immobilization and thin film formation techniques such as dip-coating and spray
application (Hamid and Rahman, 2003).
Ti02 nanoparticles have been studied for their catalytic performance, either in free
suspension or as immobilized on a fixed or fluidized support (Pozzo et al., 1997). The improved
performance and larger catalytic surfaces have been reported for well mixed, pseudohomogeneous nanoparticle slurries in comparison to supported nanocatalyst systems (Matthews
and McEvoy, 1992; Dijkstra et al., 2001). Using TiC>2 nanoparticles in the form of suspended
particles has been reported in many studies (Matthews and McEvoy, 1992; Blake, 1999;
Bhatkhande et al., 2001; Ray et al., 2009). However, in solar cells and other photovoltaic or
electrochemical applications, the demand for immobilizing TiC>2 onto solid support is increasing
(Bach et al., 1998; Barbe' et al., 1997). For engineering applications, there is an intrinsic
drawback in using slurries of nanoparticles because of poor settling tendency, uneconomical
solid/liquid separation process, and human health hazards associated with the fugitive emission
of nanoparticles during slurry preparation (Ibanez et al., 1999; Houari et al., 2005; Baan et al.,
2006). The limitations of the slurry process are not associated with the immobilized TiC>2
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nanocatalyst systems; however, a major drawback for immobilizing TiC>2 nanoparticles is related
to the loss of surface area. Particle sintering or aggregation on the support surface during the
thermal treatment caused loss of surface area in supported Ti02 nanocatalysts (Carp et al., 2004;
Houari et al., 2005). Hence, developing an immobilized Ti02 nanocatalyst system with a surface
area comparable to that of discrete nanoparticles is a research priority for enhanced catalytic
performance.
A method which has gained recognition as an effective alternative for fabricating
immobilized nanostructures with high surface-to-volume ratio on a fixed support is
electrospinning. The electrical forces are exploited in the electrospinning method to produce
fibers with nanometric diameters (Doshi and Reneker, 1995). Electrospinning of nanofibers is
initiated when the electrical forces at the surface of a viscous solution overcome the surface
tension barrier and cause ejection of an electrically charged jet of fluid. As the solvent
evaporates, the jet becomes solid. During the evaporative process electrically charged fibers are
accelerated by electrical forces and stretched by several orders of magnitude (Reneker and Chun,
1996). In principle, the process of electrospinning can be considered as a variation of the process
of electro-spraying. Electro-spraying is associated with low viscosity fluids, where the
application of electrostatic field causes a fluid stream to disintegrate into small charged droplets
or aerosols. The electrospinning process applies to highly viscous solution or melt, wherein
application of electrical forces results in production of nanofibers (Deitzel et al., 2001).
The first reference to the electrospinning process dates back to 1934, when Formhals
patented a process and an apparatus for the production of the polymer filament using electrostatic
forces (Fomhals, 1934). In 1969 Taylor reported the shape distortion of the fluid droplet under an
applied electrical field and introduced the concept of the "Taylor cone", related to the onset of
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the fiber forming process (Subbiah, et al., 2005). Almost three decades later the electrospinning
of nanofibers received a major impetus through the research of Reneker and his co-workers
(Doshi and Reneker, 1995; Frenot and Chronakis, 2003). Later, other researchers reported using
electrospinning to fabricate ultra thin fibers from a broad range of polymers (Subbiah, et al.,
2005). Recently, electrospinning has been extended to fabricate nanofibers of Ti02 through
coupling with the sol-gel technique. Formation of the Ti02 nanofibers by sol-gel electrospinning
from an organo-titanium salt precursor was reported by Li and Xia (2003). Ti02 nanofibers are
produced in two stages. Initially nanofibers are generated by electrospinning a solution of a
polymer mixed with a sol-gel precursor of Ti02. Then, the composite nanofibers of polymer and
TiC>2 are subjected to thermal treatment to obtain pure TiC>2 fiber (Viswanathamurthi et al.,
2004).
Since the process of polymer assisted TiC>2 nanofiber production was reported by Li and Xia
(2003), a considerable amount of research effort has been directed towards utilizing this
technique for producing immobilized TiC>2 nanocatalysts (Sigmund et al., 2006; Chronakis,
2005). Madhugiri and her coworkers (2004) first reported producing immobilized TiC>2
nanofibers with diameter greater than 100 nanometer (nm). However, Madhugiri et al. (2004)
reported using a powder form of the nanofiber catalyst in photocatalytic studies. Kokubo et al.
(2007) also reported using a similar approach of disintegrating the fibrous structure through
mechanical compression. In a recent study, Alves and his coworkers reported using electrospun
TiC>2 in the form of an unsupported mat (Alves et al., 2009). The drawbacks associated with
nanoparticles, such as solid/liquid separation, and health hazards due to remnant particles equally
persist when the structure of the immobilized nanofibers are disintegrated by mechanical
compression. The practical constraints associated with application of nanofiber catalysts in an

94

immobilized form was pointed out by Fujihara et al. (2007). According to Fujihara et al. (2007),
TiC>2 nanofiber mesh has a tendency to peel off or dislodge from the catalyst support surface.
The practical constraint due to limited stability of the immobilized TiC>2 nanofibers was also
reported by Jo et al. (2005) and Ramaseshan et al. (2007). Improved adhesion of the TiC>2
nanocatalyst on the support is particularly important for effective electron transfer and maximum
photon adsorption in photocatalytic applications (Ramaseshan et al., 2007). Several techniques
have been reported in earlier studies which improve the adhesion of the nanocatalyst, in
particular for solar cell applications. Song et al. (2004, 2005) reported implementing a post
spinning treatment process with tetrahydrofuran (THF) while, others (Kokubo et al., 2007; Jo et
al., 2009) used mechanical compression for improving the adhesion of the nanofibers. However,
in both cases the TiC>2 catalyst lost its fibrous structures (Fujihara et al., 2007). So far no study
has successfully fabricated an immobilized TiC>2 nanofiber catalyst with good stability and fiber
structure integrity during application. Hence, the object of the present study is to fabricate a
supported TiC>2 nanofiber catalyst with improved stability for photocatalytic applications.

5.2. Materials and methods
5.2.1. Electrospinning apparatus
The electrospinning apparatus used in this study (Figure 5.1) was custom built and fabricated
in-house. The viscous electrospinning solution was delivered at a specific flow rate using a
programmable syringe pump (PHD 22/2000, Havard Apparatus Canada, St. Laurent, QC)
equipped with a 10ml luer-lock plastic syringe (Becton Dickinson, Oakville, ON). The syringe
was fitted with a 22 gauge (0.7mm outer diameter (OD), 0.4mm inner diameter (ID)), 38mm
long stainless steel hypodermic needle with a polypropylene hub (Becton Dickinson, Oakville,
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ON). The delivery system had a low flow capability of 0.03 ± 0.001 pl/min. The delivery rate of
the electrospinning solution is hereafter referred to as the infusion rate. The positive (anode)
terminal of a variable high voltage DC power supply (ES 50P - 10W/DAM, Gamma High
Voltage Research Inc. Ormond Beach, FL) capable of producing a potential difference of the
order of 0 - 50 kV, was connected to the stainless steel needle using an alligator clip. The ground
terminal (negative) of the power supply was attached to the conducting solid support material
(cathode). The distance of separation between the two electrodes (needle tip to the surface of the
support) in the electrospinning apparatus was denoted as the separation distance. The
electrospinning section of the apparatus (needle to collector) was enclosed in a sealed chamber to
eliminate the effect of air currents on the deposition process and to maintain a stable
environment.
Enclosure

5.2.2. Preparation of electrospinning solution
Titanium tetraisopropoxide (TIP), an organo-titanium sol-gel precursor to titanium dioxide (>
99.95% purity), and polyvinyl acetate (PVAc (average molecular weight (Mw) 50,000 Daltons)),
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a carrier for the TIP, were purchased from Alfa Aesar (Ward Hill, MA). Acetic acid (>99%
purity), a stabilizer for sol-gel conversion of TIP, was procured from EMD (Gibbstown, NJ).
Dimethylformamide (DMF) and tetrahydrofuran (THF) solvents were supplied by Fischer
Scientific (Ottawa, ON).
TIP was used as a sol-gel precursor for fabricating the Ti0 2 fibers. Earlier studies reported
that stochiometric stabilization of TIP with acetic acid could control hydrolysis of TIP. The
control of hydrolysis of TIP results in the formation of a finer Ti0 2 aggregate with a fibrillar
structure (Santana-Aranda et al., 2005; Ayres et al., 2007). Accordingly, TIP was stabilized by
adding glacial acetic acid in a molar ratio of 1: 4 (mol TIP per mol acetic acid) under slow
stirring conditions (Solution A). The Solution A (TIP/acetic acid solution) was mixed with a
polymer solution to maintain a viscosity between 130-160 centipoise (cps) at 21°C (Cui et al.,
2008). According to Jo et al. (2005), PVAc possess better miscibility with TIP and maintain
better homogeneity of the phases during electrospinning. Hence, PVAc was selected for the
study. A PVAc solution was prepared by dissolving polymer beads in 3:2 volumetric mixtures
of DMF and THF (Solution B). A 45% (weight per unit volume (w/v)) solution of PVAc (Mw
50,000 Dalton) in 3:2 (v/v) DMF/THF was measured (using cone and plate viscometer
(Brookfield CAP 1000 viscometer, Brookfield, Middleboro, MA) to have a viscosity of 147.8 ±
0.6 cps (at shear rate > 10,000s"1).
Jo et al. (2005) had shown that the TIP/PVAc ratio affects the morphology of the nanofibers.
Lowest TIP/PVAc ratio studied by Jo et al. (2005) was 1.0, which resulted in lOOnm Ti0 2 fibers.
Hence, in order to produce Ti0 2 nanofibers with smaller diameters (lower than lOOnm), a
TIP/PVAc ratio of 0.4 was selected. The electrospinning solution (Solution C) was prepared by
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mixing a required amount of the TIP solution (Solution A) with a 45% PVAc (w/v) solution
(Solution B).

5.2.3. Electrospinning and catalyst immobilization
A pump was used to deliver the electrospinning solution (Solution C) to the infusing needle.
The infusion rate of the pump was adjusted to a selected value (between 0.6-3.0 ml-h"1). The
upper and lower bounds of the infusion rate were established by the wastage of electrospinning
solution due to excess flow (above 3.0ml-h"') and discontinuous fiber production due to limited
flow (below 0.6ml-h"'). The solution was delivered at a constant flow rate to the stainless steel
needle connected to the positive terminal of the high voltage DC power supply. The ground
terminal was attached to the solid support (collector) and positioned at 22.5cm from the needle
tip. A potential gradient within a range of 1.11-1.78 kV-cm"1 was applied to initiate the
electrospinning of nanofibers (Table 5.1). Below the lowest value of potential gradient (< 1.11
kV-cm"1), the fiber formation was discontinuous and beyond the highest value (>1.78kV-cm"'),
electrical arcs were produced between the electrodes.
Table 5.1: Electrospinning variables and their levels examined.
Electrospinning variables
1

Experimental levels of the variables
Level 1

Level 2

Level 3

1

Potential gradient (kV-cm" )

1.11

1.44

1.78

2

Infusion rate (ml-h"1)

0.6

1.8

3.0

Upon applying the potential gradient (1.11-1.78 kV-cm"1), a fluid jet was ejected from the
capillary (needle) tip. After an initial instability period of a few seconds, a steady fluid jet was
directed towards the grounded support. As the jet accelerated towards the cathode, the solvent
evaporated and charged TiCVPVAc composite fibers were deposited on the solid support. The
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presence of residual solvent allowed relaxation of the polymer chain and this resulted in a loss of
stability in the structure of the deposited nanofiber. Hence, the TiCVPVAc nanofibers were dried
under a vacuum of 600mm Hg at 105°C for 2 hours to remove the residual solvent, and allow
further condensation of the structure (Ding et al., 2004; Madhugiri et al., 2004; Sheikh et al.,
2009). The vacuum-dried Ti0 2 /PVAc nano-composite fibers were characterized for the thermal
transitions and examined for structural features. The Ti0 2 /PVAc nano-composite fibers were
thereafter subjected to thermal treatment to remove the polymer back bone (PVAc) and obtain an
immobilized Ti0 2 nanofiber catalyst. The thermal treatment procedure was developed as a precharacterization process, and details of the procedure is provided in section 5.3.1 of this chapter
(Chapter 5). Characterization entailed determining the crystal structure,

stoichiometric

composition, surface morphology, and dimension of the nanofibers.

5.2.4. Analytical measurements used to characterize the TiC>2 nanocatalyst
The thermal transition temperature of the Ti0 2 /PVAc composite nanofiber samples were
determined by a differential scanning calorimeter (DSC) (Mettler DSC822E, Mettler-Toledo
Inc., Columbus, OH). The temperature scan was conducted from 50° to 500°C at a linear heating
rate of 20°C/min. Thermal degradation, in terms of weight loss, was determined by a
thermogravimetric analyzer (TGA) (Mettler TGA/SDTA 85IE, Mettler-Toledo Inc., Columbus,
OH). The samples were heated in air from temperature between 30° to 500°C at 2°C/min. The
TGA instrument was equipped with a mass spectroscopic (MS) detector which was capable of
detecting mass from 1 to 300 a.m.u. The MS detector was used to identify degradation products
from the thermal oxidation of the composite nanocatalyst samples.
The crystalline phase of the immobilized Ti0 2 nanofibers were quantified using a X-ray
diffractometer (D8 Discover, Bruker Corporation, Milton, ON) configured with a Cu K a (a =
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1.54 A) source and outfitted with a general area detector diffraction system (GADDS). The
specimen was scanned from 20-angle 17° to 55° in steps of 0.05°. The interplanar spacing (dspacing) of the crystalline phase were computed using Bragg's law (Equation 5.1), where, n is an
integer, d is interplanar spacing between subsequent crystalline plane of atoms, 0 is the scattering
angle, and X is the wavelength of the x-ray.
IdSind = nA

(5.1)

The d-spacing and the diffraction peaks from the crystalline phases were identified by
comparing against JCPDS cards (Joint Committee on Powder Diffraction Standards (JCPDS),
powder diffraction file, Card No. 21-1272 (anatase) and 21-1276 (rutile), Swarthmore, PA). The
crystal size was computed using the Debye-Scherrer formula (Equation 5.2), where K is a
dimensionless constant having a value 0.89 (for lattice structures), a is the wavelength of the
x-ray, B is a measure of peak width (full-width at half of maximum (FWHM)), and 0b is the
Bragg's angle for the diffraction peak.
Kcc
Crytal size= BCosOfi

(5.2)

TiC>2 nanofibers were examined for the presence of organic functional groups using Fourier
transform infrared (FTIR) spectroscopy. TiC>2 nanofibers were compressed and pelletized with
potassium bromide (KBr) (Sigma Aldrich, Oakville, ON) under a compressive load of 4.5 metric
ton, and thereafter scanned between wavenumber of 400 - 4000 cm"1 in the FTIR instrument
(Vector-22, Bruker Optics Inc, Billerica, MA). The scans were analyzed using OPUS NET
software (Bruker Optics Inc, Billerica, MA). For comparison, Ti02/PVAc nanocomposite fibers
were also examined in FTIR under the identical setting after pelletizing with KBr.
Images of the nanofibers were obtained using a field emission scanning electron microscope
(FESEM) (Quanta 200, FEI Company, Hillsboro, OR) using Everhart-Thornley secondary
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electron detector under high vacuum mode. The maximum resolution capacity of the microscope
was 0.8nm. The energy dispersive spectroscopy (EDS) and GENESIS material characterization
software (EDAX Inc., Mahwah, NJ) were used to analyze the stoichiometric composition of the
nanofibers. The diameter of the nanofiber was determined from the FESEM image using an
image processing software (SCANDIUM, Olympus Soft Imaging Solutions Corp, Lakewood,
CO).

5.3. Results and discussions
5.3.1. Thermal characterization of the nanofibers
The DSC study was conducted with Ti02/PVAc nanofibers to determine the thermal
transition temperatures of the nanofibers (Figure 5.2(A)). No significant thermal transition was
observed for the nanocomposite fibers between 50°C to 270°C, at a heating rate of 20°C-min"1.
The absence of thermal transition peaks below 270°C confirmed the elimination of residual
solvent in the composite nanofibers after vacuum drying. According to Chien et al. (2008), the
glass-transition temperature of PVAc is well below 50°C (approximately 35°C) and hence,
temperature less than 50°C were not examined in this study. Due to the thermoset nature of
PVAc, degradation of the material is expected instead of melting (Holland and Hay, 2002; Chien
et al., 2008). Hence, a there is no exothermic peak to mark the melting of PVAc. A small
exothermic peak (data not shown) was observed at 270°C indicating the onset of the thermal
degradation through the elimination of the functional group (Holland and Hay, 2002). Two
noticeable exothermic peaks at approximately 340°C and 435°C were observed in the DSC
profile for TiOi/PVAc nanocomposite. The peaks at approximately 340°C was due to thermal
degradation of the polyenic structure (backbone) of PVAc polymer (Holland and Hay, 2002),
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and the subsequent exothermic peak (around 435°C) was likely due to further crystallization and
crystal phase transformation of Ti02 in the nanofibers (Nuansing et al., 2006; Alves et al., 2009).
The temperature at which organic material decomposes in the TiC^/PVAc composite
nanofibers was established using TGA. In the TGA analysis, the measured weight loss of a
sample was associated with the thermal transition for a particular temperature.

Differential

thermal analysis (DTA) was also employed to determine transitions in the composite, relative to
a reference material. The TGA and DTA profiles of the composite nanofibers are presented in
Figure 5.2(B).
The TGA/DTA observations were in agreement with the findings of the DSC study (Figure
5.2(A)). Note the composite nanofibers underwent a cumulative weight loss of approximately
76% when heated from 30° - 500°C at 2°C/min during the TGA analysis. The degradative weight
loss of the PVAc was initiated from a temperature above 240°C and continued until 330°C.
Within this temperature range the nanocomposite underwent 50% weight loss with a differential
weight loss peak at 285°C. The degradation of PVAc was confirmed by identifying gaseous
degradation products (CH3CO (m/z = 43), C0 2 (m/z = 44) and CH3COOH (m/z = 60)) in massspectroscopic analysis. The differential weight loss peak between 400 - 435°C was attributed to
the removal of residual carbon, transformation of Ti0 2 crystal phase and sintering of the crystal
with loss of moisture (Carpio et al., 2005, Zhan et al., 2006). The mass spectroscopic analysis
confirmed the formation of products with m/z = 16, 18 and 44, between 400° - 435°C.
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Thermal characterization profile of the Ti02-Polyvinyl acetate nano-composite
fibers. (A) DSC (B) TGA and DTA

Similar observations from the TGA study were reported in the literature (Zhan et al., 2006;
Nuansing et al., 2006; Chen et al., 2008). However, neither study provided supporting evidence
of the formation of gaseous byproducts by a mass-spectroscopic analysis. Based on the findings
of DSC and TGA studies, and the final calcination conditions reported in the literature for
producing anatase TiC>2 (Zhan et al., 2006), a temperature program for calcination was developed
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to obtain pure TiC>2 immobilized nanofibers from TiCVPVAc composite nanofibers. Slow
stepwise heating was applied on the nanocomposite to maintain the nanofiber morphology of
sintering Ti02particles (Reneker et al., 2008).
The vacuum dried TiCVPVAc composite nanofibers were heated at rate of 1.5°C/min in a
temperature programmable oven (HP 5890, Hewlett-Packard, Avondale, PA) to 300°C and
thereafter it was calcined in air in a muffle furnace (Thermolyne 1300, Thermo Fisher Scientific
Inc., Newington, NH) at a calcination temperature of 400 ± 5°C for an additional 2 hours to
obtain immobilized TiC>2 nanofibers. The immobilized nanofibers were then cooled to ambient
temperature, cleaned with a gentle stream of clean dry air (to strip-off the loose particles attached
on the surface of the catalyst), rinsed in ultrapure water to remove any remaining polymer ash,
and finally, dried at 105°C to remove any moisture. Fibers calcined at 450°C and 500°C were
also examined using x-ray diffraction (XRD) to establish the minimum temperature required for
calcination.

5.3.2. X-ray diffraction (XRD) of the Ti02 nanofibers
X-ray diffraction (XRD) studies were conducted on TiC>2 fibers calcined at 400°C, 450°C and
500°C. The interplanar distances (d-spacing) were computed using Equation 5.1 and the crystal
planes were identified by comparing the d-spacing values and the 20 degree angles. The results
for these parameters are tabulated in Table 5.2. The reported d-spacing values for the crystalline
phases (Table 5.2) from the experimentally obtained fibers were in close agreement with the dspacing values reported for pure crystalline phases. Note the d-spacing value for pure anatase
(101) is 3.51 A and that for pure rutile (110) is 3.24A (JCPDS, PDF, Card No. 21-1272 (anatase)
and 21-1276 (rutile)). The crystal size was computed using Equation 5.2 and the mass fraction of
the rutile phase (XR) was determined using Spurr equation, Equation 5.3 (Scotti et al., 2009). The
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term IA and IR in Equation 5.3 are the integrated intensities of the (101) anatase and (110) rutile
crystal plane respectively.
1

XR

=1 + 0.8

lA

(5.3)

ylR ;

The values tabulated in Table 5.2 showed that increasing the calcination temperature above
400°C causes transformation of the TiC>2 crystalline phase in nanofibers. An increase in the rutile
mass fraction was observed as the calcination temperature increased from 400°C to 500°C.
Higher aggregation and sintering of the Ti0 2 crystals were correlated with increasing crystal size
at higher calcination temperatures. The study also examined the effect of increasing the
calcination time on the size of TiC>2 crystals. The crystal size computed for TiC>2 nanofibers
calcined for 2, 3, 4 and 6 hours were 9.7, 10.9, 13.0 and 17.3 nm respectively. Anatase TiC>2 is
the most preferred crystal form for photocatalytic application due to its higher bandgap energy
(Bhatkhande et al., 2001). A crystal size of 10 - 12 nm had been reported in the literature as a
favorable size for efficient charge transfer in photocatalytic applications (Pozzo et al., 1997;
Carpio et al., 2005). Accordingly, a calcination temperature of 400°C and calcination time of 2
hours was used for fabricating anatase TiC>2 nanofiber catalysts from TiCVPVAc composite
nanofibers for the remaining study.

Table 5.2: X-Ray diffraction results of the TiC>2 nanofibers.
Calcination
temperature
(°C)

Mass fraction (%)
Anatase

Rutile

450

100
96

500

73

400

d-spacing (A)
Crystal size
(nm)

Rutile
(110)

0

Anatase
(101)
3.50

4

3.54

3.23

15.9

27

3.46

3.21

20.7

9.7
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5.3.3. Fourier transform infrared (FTIR) spectroscopy study of the nanofibers
The FTIR spectra of the TiCVPVAc nanocomposite (Figure 5.3) showed a characteristic IR
band for the presence of an ester carbonyl linkage (0=C-0-) of the acetate side-group at 1010
cm 1 and 1240cm"1. The IR band at 600cm"1 and 650cm"1 could be attributed to deformational
vibration of the O-C-O linkages in the ester functional group of the aliphatic vinyl acetate unit of
the polymer. Peaks due to absorbance of C-C stretching and vibration of the polymer backbone
were observed at 740cm"1 and 945cm"1 respectively (Holland and Hay, 2002). Disappearance of
the IR bands associated with PVAc in the Ti0 2 nanofibers, confirmed the removal of the
polymer under the calcination condition (400°C for 2 hours). A band observed at 1115 cm"1 in
Ti0 2 nanofibers was attributed to Ti-OH stretching (Figure 5.3). The intense broad absorbance
(transmittance minimum) band at 665cm"1 was due to Ti-0 stretching and it confirmed the
formation of the anatase crystalline phase in Ti0 2 nanofibers (Ding et al., 2004, Zhan et al.,
2006; Sathyamoorthy et al., 2007).
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1200

1

Wavenumber (cm )
Figure 5.3

Fourier transform infrared (FTIR) spectra of the nanofibers.
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5.3.4. Morphological studies of the Ti02 nanofibers
The effect of electrospinning parameters on the morphology of Ti0 2 nanofibers was studied
using a one-factor-at-a-time (OFAT) approach. The experimental conditions used to generate the
Ti0 2 nanofibers are tabulated in Table 5.1. The potential gradient (kV-cm"1) across the electrodes
was varied by increasing the applied potential across electrodes (22.5 cm apart). Ti0 2 nanofibers
were generated under potential gradients of 1.11, 1.44 and 1.78 kV-cm"1 with the infusion rate
invariant at 1.8ml.h"'.

No nanofiber formation was recorded below 1.11 kV-cm"1 and the

formation of electrical arcs above 1.78 kV-cm"1 resulted in the discontinuity of the
electrospinning process. Histograms of the nanofibers produced under different applied potential
gradients are shown in Figure 5.4. The diameters of the nanofibers were computed. The applied
potential gradient controlled the mass of solution drawn out of the needle and the extent of
stretching of the fluid jet. A balance between the two opposing effects due to electrostatic stretch
and viscoelastic drag determines the final diameter of the Ti0 2 nanofibers (Tan et al., 2005).
Contradictory observations of the applied potential on the fiber diameter have been reported in
the literature. An increase in fiber diameter with increasing applied potential was reported by Li
and Xia (2003), whereas a reverse trend was observed by Doh et al. (2008). Within the regime of
applied potential gradient examined in this study, an increase in the potential gradient led to the
formation of nanofibers with smaller diameters (Figure 5.4). The mean fiber diameters at three
different potential gradients were 78±10.5nm (1.11 kV-cm"1), 63±14.2nm (1.44 kV-cm"1) and
60±8.7nm (1.78 kV-cm"1).
At the invariant applied potential gradient of 1.78kV-cm~', the infusion rate was varied as
follows: 0.6, 1.8 to 3.0 ml.h"1. Similar to the applied potential, an increase in the infusion rate
caused the production of larger diameter fibers (Figure 5.5). Increasing the infusion rate (ml-h"1)
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directly translated into higher mass throughput and lower electrostatic charge per unit volume of
the spinning solution at the needle tip. These changes resulted in an increase in fiber diameter
(Doh et al., 2008). The mean fiber diameters recorded under these conditions were 54 ± 11.5nm
(0.6 ml.h"1), 60 ± 8.7nm (1.8 ml.h"1) and 64 ± 9.6nm (3.0 ml.h"1).
Mean: 78 nm
SD: 10.5 nm
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Figure 5.4
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Histograms of the nano fibers - Effect of applied potential gradient
(A) 1.11 kV-cm"1 (B) 1.44 kV-cm"1 (C) 1.78 kV-cm"1.
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Restricted mass throughput and instability due to surface tension forces below the lowest
infusion rate (< O^ml.h"1) resulted a discontinuity in fiber formation. Above the infusion rate of
3-Oml.h"1, instability was observed from fluctuation in droplet size at the needle tip due to
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dripping of excess flow of the spinning solution. The most stable electrospinning infusion rate of
l.Sml.h"1 was established by the lowest standard deviation of the nanofiber diameters and
comparatively higher stability in nanofiber production than at infusion rates of 0.6 and 3.0 ml.h"1.
The effect of three different calcination temperatures (400°, 450°, and 500°C) on the
morphology of Ti0 2

nanofibers were examined and compared with the

Ti0 2 /PVAc

nanocomposite fibers. Figure 5.6(A) showed the FESEM image of the smooth surface of
TiCVPVAc nanofibers, without any evidence of phase separation. No surface cracks were
observed in Ti0 2 nanofibers which were calcined at 400°C (Figure 5.6(B)). However, the images
of Ti0 2 nanofibers calcined at 450°C (Figure 5.6(C)) and 500°C (Figure 5.6(D)) showed visible
signs of surface fissures and well developed surface cracks respectively. The structure and
surface features of the nanofibers are controlled by the growth of the nanocrystals (Ramaseshan
et al., 2007). The development of surface fissures observed in the FESEM images of the Ti0 2
nanofibers are well correlated with the growth and sintering of nanocrystals with increasing
calcination temperatures (Table 5.2). The surface fissures and aggregation at higher calcination
temperature caused the Ti0 2 nanofibers to become brittle and difficult to immobilize on the
support surface.
The diameters of the Ti0 2 nanofibers calcined at 400°, 450°, and 500°C were (a) 54±11.5nm,
(b) 50±14.3nm, and (c) 49±15.1nm respectively. The mean fiber diameters recorded for the three
calcination temperatures were compared statistically and the results from the t-statistic test
showed that differences between the means of the fiber diameter (from three calcination
temperatures) were not statistically significant. For the nanofibers calcined at three different
temperatures under consideration, the tcaicuiated (1-6 (a-b), 0.3 (b-c) and 1.9 (a-c)) values were
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smaller than tabulated (2.1) for 20 degrees of freedom and 95% level of confidence (Montogomery,
1997).

Figure 5.6

FESEM images of the nano fibers - Effect of calcination temperature
(A) TiCVPVAc composite (before calcination)
(B) Ti0 2 calcined at 400°C
(C) Ti0 2 calcined at 450°C
(D) Ti0 2 calcined at 500°C
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The diameters of the Ti0 2 nanofibers generated in the present study were compared with the
values of Ti0 2 nanofibers reported in the literature sources. The diameters of Ti0 2 nanofibers
reported by Li and Xia (2003) was the closest to the Ti0 2 nanofiber diameter reported in this
study. The Ti0 2 nanofiber diameter ranged from 30 - 80nm in the study reported by Li and Xia
(2003); in comparison, Ti0 2 nanofiber with diameters between 28 - 93nm was reported in this
study. A comparative t-test was performed with the means reported by Li and Xia (2003) (53±8
nm) with that in the present study (54±11.5nm). The computed t-value (0.55) was smaller than
the tabulated t-value (1.98) at 95% level of confidence (Montogomery, 1997). However, in the
study of Li and Xia (2003) the Ti0 2 nanofibers were in the form of a self supported mat.
Madhugiri et al. (2004) reported immobilized Ti0 2 nanofibers on aluminum support with
diameter greater than lOOnm. In another study, Doh et al. (2008) reported immobilized Ti0 2
nanofibers on stainless support with a mean diameter of 168±45nm. Tekmen (2008) and Zhang
et al. (2009) also reported immobilized Ti0 2 nanofibers with diameter 54 - 78nm and 6 5 - 1 1 5
nm respectively. Hence, it is evident that the diameter of immobilized Ti0 2 nanofibers fabricated
in this study is significantly smaller than the diameter of immobilized Ti0 2 nanofibers reported
in the literature.

5.3.5. Stoichiometric composition of the Ti02 nanofibers
The stoichiometric composition of the immobilized (on aluminium foil) nanofibers was
established by an energy dispersive spectroscopic (EDS) analysis. Characteristic energy (K)
lines (Figure 5.7) for titanium (Ti) and oxygen (O) were observed at 4.51 and 0.53 keV,
respectively. Note, a small amount of carbon residue (0.28 keV) and background interference
from the aluminum support (1.49 keV) were also identified in the EDS profile. The L-lines for Ti
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were noted at 0.46 keV. The cumulative energy counts of the respective elements were translated
into relative atomic percentages using GENESIS software. The Ti versus O ratio was computed
from the relative atomic percentages. The computed [Ti]/[0] ratio of 0.47 were in agreement
with the stoichiometric ratio for Ti0 2 (Ti/O = 0.5).
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Figure 5.7

EDS profile of the Ti0 2 nanofibers calcined at 400°C immobilized on aluminum
support

5.3.6. Preparation of catalyst support material
A previous study by Peiro et al. (2002) had shown that Aluminum possesses good adhesion
properties for the Ti0 2 nanocatalyst. Moreover, it was also reported that surface roughness of the
support surface improves the adhesion behavior of the Ti0 2 nanocatalyst (Peiro et al., 2002).
Hence, aluminum foil (McMaster-Carr, Robbinsville, NJ) with a density of 2.7 g/cm3 and
thickness of 76jj.ni was used as catalyst support after surface treatment. The foil was washed with
acetone, then rinsed with de-ionized water and later dried in air at 21°C. The clean aluminum
foil was dipped for 30 minutes in an etching solution containing hydrogen peroxide (H 2 0 2 ) and
sulphuric acid (H 2 S04) (Fischer Scientific, Ottawa, ON) at an optimized molar ratio of 0.7 - 0.8
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mole H2O2 per mole H2SO4 (Lalman and Ray, 2009). Dipping the foil in the etching solution
created a nano-porous aluminum surface with an anodized oxide layer. The treated foil was
removed, washed thoroughly in de-ionized water and air dried at ambient temperature.

The

surface structure of the aluminum foil material before and after treatment is shown in Figure 5.8
(A and B).

The treated aluminum foil with the porous surface and well marked surface

roughness was used as support for the TiC>2 nanofibers (refer to Appendix C).

2 fxm •

Figure 5.8

/

2 jam

Images of aluminum support material, (A) before (B) after, surface treatment

5.3.7. Stability of the immobilized T1O2 nanofiber catalyst
A study showed that the post-electrospinning treatment of nanofibers with THF improved the
adhesion of the TiC>2 nanofibers onto an Aluminum support (Song et al., 2004). The study
demonstrated that pre-treating Ti02/PVAc nanofibers with THF vapors resulted in the formation
of a thin film and interconnected bridge between the fibers. This procedure improved the
adhesion characteristics of the TiC>2 nanofibers onto the substrate after calcination. However,
Song et al. (2004) also reported that the treated fibers lost their fibrous structure. Recently, work
by Ding et al. (2004) reported a strong interaction between TIP (sol-precursor for Ti02) and
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PVAc. According to Ding et al. (2004) the interaction between PVAc and TIP resulted in the
formation of linking bridges which favored the adhesion of nanofibers onto the support surface.
Further details describing the nature of the link had not been reported.
Based on the work reported by Song et al. (2004) and Ding et al. (2004), the surface-treated
aluminum foil (decribed in section 5.3.6) was applied with a solution coating prior to
electrospinning using a stainless steel doctor's blade which was set at a 45° angle. The solution
coating contained PVAc (45% (w/v) in a 3:2 DMF/THF mixture. Figure 5.6(A) showed the
presence of interfiber connecting bridges in the electrospun PVAc/TiC>2 nanofibers. To
investigate the adhesion property of the nanocatalyst onto the support surface, the tape test
according to ASTM standards was performed (ASTM D3359-09-Test Method B, 2009). A
moderate to good adherence (10 - 20% affected) of the immobilized electrospun TiC>2 nanofibers
on surface-treated aluminum foil was observed (Classification 3B-2B). The immobilized
nanocatalyst was also subjected to mechanical agitation in an aqueous medium to test the
stability of the immobilized electrospun TiC>2 nanofibers. After stirring magnetically in water at
200-400 rotations per minute for 60 minutes, less than 5% loss in weight was observed for the
immobilized nanofiber catalyst.

5.4. Conclusions
An immobilized TiCVPVAc nanofiber catalyst was produced by electrospinning a mixture of
TIP with PVAc on a surface-treated aluminium foil. Subsequent heating and calcination of a
TiCVPVAc nanofibers resulted in the formation of pure TiC>2 nanofibers. Thermal transitions of
the composite (TiCVPVAc) nanofibers were determined by DSC and TGA (equipped with an
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MS) studies. A vacuum drying followed by a stepwise calcination program was used to produce
Ti0 2 nanofibers from the nanocomposite fibers. A calcination temperature of 400°C was selected
to produce pure anatase Ti0 2 nanofibers. The pure anatase crystal structure of the Ti0 2
nanofibers was confirmed by XRD. Aggregation and crystal growth was observed with an
increasing calcination temperature. A higher potential gradient and lower infusion rate were
observed as favourable for the formation of smaller diameter nanofibers. The diameters of
immobilized nanofibers were compared with the literature values. The diameters of the
immobilized Ti0 2 nanofibers in this study were approximately 30 - 50% smaller than the
diameters of the immobilized Ti0 2 nanofibers reported in the literature.

EDS was used to

determine the [Ti]/[0] stoichiometric composition in the Ti0 2 nanofibers. Finally, the stability of
the immobilized Ti0 2 nanofiber catalyst was evaluated. An adherence classification of 3B-2B
(ASTM D 3359-09) with less than 5% loss in weight on the simulated catalytic application was
observed. Improved adhesion characteristics of the Ti0 2 nanofibers on the support material was
accounted to the use of a chemically treated support surface.
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CHAPTER 6: DEVELOPING A STATISTICAL MODEL TO
PREDICT THE DIAMETER OF ELECTROSPUN
TITANIUM DIOXIDE NANOFIBERS USING BOXBENKHEN DESIGN
6.1. Introduction
Upon illumination with light of specific wavelengths Titanium dioxide (Ti02) generates
highly reactive, free charge carriers (electron-hole pairs) (Linsebigler et al., 1995; Bhatkhande et
al., 2001; Shah et al., 2002). The photo-generated charge carriers migrate to the TiC>2 surface and
initiate oxidation-reduction reactions (Fujishima and Honda, 1972; Ollis et al., 1991; Barbe' et
al., 1997; Bach et al., 1998). In catalytic applications, the oxidation-reduction reactions are
utilized to generate hydroxyl radicals ("OH) which mediate the oxidative degradation of organic
contaminants (Matthews, 1992; Lee and Mills, 2004; Gogate and Pandit, 2004; Herrmann,
2005). Thus, generation of "OH radicals in Ti02 mediated photocatalysis is attributed to the
semiconductor bandgap of Ti02. The bandgap energy (Eg) of Ti02 originates from the energy
difference between the valance band (VB) and conduction band (CB) in its valance electron
configuration. Other merits of Ti02 include chemical inertness, lower biological toxicity,
excellent photo-stability and high relative abundance (Rajeshwar, 1995; Bhatkhande et al., 2001;
Carp et al., 2004; Herrmann, 2005).
Many studies have reported that the high catalytic surface area is a major reason for
improved photocatalytic efficiency (Shah et al., 2002; Carp et al., 2004; Allen et al., 2004;
Hurum et al., 2006). Ti02 nanoparticles have large catalytic surface areas by virtue of their very
small particle size. Hence, over the past few years several nanometer size Ti02 formulations
have been manufactured and tested for their photocatalytic potential (Bhatkhande et al., 2001;
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Lee and Mills, 2004; Allen et al., 2004). In many of the reported photocatalytic applications
TiC>2 nanoparticles have been used as slurry (Matthews and McEvoy, 1992; Blake, 2001;Bhatkhande et al., 2001; Lee and Mills, 2004). However, using nanoparticles in form of slurries
are associated with severe practical constraints. The problems include poor settling tendency of
nanoparticles, the need for solid/liquid separation to minimize catalyst loss, and human health
hazards associated with fugitive emission of nanoparticles during slurry preparation (Ibanez et
al., 1999; Houari et al., 2005; Baan et al., 2006). Immobilizing Ti0 2 nanoparticles onto a support
medium can potentially eliminate many problems associated with the use of nanoparticles in the
form of slurries (Carp et al., 2004; Houari et al., 2005).
Dispersion of nanometre-sized particles on a high-surface-area support is a popular method
of producing a high surface area supported catalyst system (Houari et al., 2005). However, a
major bottleneck of this method is related to the loss of surface area caused by the sintering or
aggregation of the nanoparticles onto the support surface during the thermal treatment (Ibanez et
al., 1999). Particle sintering results in formation of a film or sheet on the support surface and the
resultant supported catalyst system has a catalytic surface area smaller than that of discrete
nanoparticles by a few orders of magnitude (Carp et al., 2004). Hence, developing an
immobilized Ti(>2 nanocatalyst system with surface area comparable to that of discrete
nanoparticles is a research priority for enhanced catalytic performance.
The electrospinning process has been reportedly utilized to fabricate ultra thin fibers from a
broad range of polymers (Subbiah et al., 2005). Recently, electrospinning has been extended to
fabricate TiC>2 nanofibers through coupling with a sol-gel TiC>2 synthesis technique. The sol-gel
technique involves the formation of TiC>2 from an organo-titanium salt precursor.. TiC>2
nanofibers are produced in a two step process. In the first stage, nanofibers are generated by
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electrospinning a solution of a polymer mixed with the sol-gel precursor, and in the second stage,
the composite nanofibers are subjected to a thermal treatment to obtain pure Ti02 nanofibers (Li
and Xia, 2003; Viswanathamurthi et al., 2004). The diameter, surface morphology and crystal
structure of the electrospun TiC>2 nanofibers are affected by the characteristics of the spinning
solution, electrospinning process variables, and conditions of thermal treatment (Chronakis,
2005; Watthanaarun et. al., 2005).
For a typical electrospinning process, the nanofiber diameters are strongly influenced by
electrospinning process variables (Watthanaarun et. al., 2005; Sigmund et al., 2006). The effect
of the electrostatic potential on diameters of polyvinylpyrrolidone-Ti02 composite nanofibers
was studied by Watthanaarun et al. (2005). The flow rates (infusion rates) of the electrospinning
solution (Frenot and Chronakis, 2003) and separation distance between electrodes (Deitzel et. al.,
2001a; Deitzel et. al., 2001b) have reportedly affected the fiber diameters for polyethylene oxide
(PEO) nanofibers. The solution viscosity is also known to affect the nanofiber formation in
electrospinning process. But to maintain the continuity of fiber formation the viscosity of the
polymer solution is expected to be in the range of 130-160 centipoise (cps) (Cui et. al., 2008).
The maximum post-electrospinning temperature is limited by the pyrolytic degradation of the
carrier polymer and by the transformation of TiC>2 crystal from anatase to rutile form (Nuansing
et. al., 2006). The growing interest in high surface area nanometric anatase TiC>2 for enhanced
photocatalytic performance (Ding et al., 2004; Sigmund et al., 2006; Kumar et al., 2007) is a
major reason for developing an approach which can simultaneously examine the impact of
various electrospinning variables on the diameter of TiC>2 nanofibers.
The one-factor-at-a-time (OFAT) approach is a complex method to evaluate the effects of
different variables on an experimental outcome. This approach assesses one factor at a time
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instead of all the factors simultaneously. The OF AT approach is time-consuming, expensive and
often leads to misinterpretation of results when interactions between different factors are
significant (Myer and Montogomery, 2002; Ray, 2006). An alternative approach of accurately
evaluating the impact of the variables on the process response (nanofiber diameter) is to vary all
the factors simultaneously in a systematic manner using a statistical experimental design.
Additionally, a polynomial model can be developed using the statistical experimental design
procedure (Box et. al., 1978; Box and Draper, 1987).
Among the available experimental design methods, a full factorial design (FFD) is often
considered impractical due to its requirement for a large number of experiments. Based upon the
desirable feature of accurate prediction throughout the factor space, Central-Composite design
(CCD) and Box-Benkhen design (BBD) are commonly selected experimental design procedures
(Box and Draper, 1987; Myer and Montogomery, 2002; Bae and Shoda, 2005; Ray, 2006).
However, for a quadratic model with three or more factors the BBD procedure is more
advantageous than the CCD (Myer and Montogomery, 2002; Bae and Shoda, 2005).
The present study is focused on implementing the BBD procedure for the optimization of the
electrospinning variables in order to fabricate Ti0 2 nanofiber with smallest diameter possible.
Three electrospinning process variables included in the study were the potential difference across
electrodes, the infusion rate of the electrospinning solution, and the separation distance of the
electrodes.
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6.2. Materials and methods
6.2.1. Electrospinning apparatus
The electrospinning apparatus used in this study is shown in Figure 5.1 and a detailed
desription of the instrument is presented in Chapter 5, Section 5.2.1. In short, the electrospinning
apparatus consisted of a pumping system which was capable of delivering the viscous
electrospinning solution at a specific flow rate and a variable high voltage power supply. The
lowest flow capability of the delivery system was 0.03±0.001 M-l/min. The delivery rate of the
electrospinning solution was hereafter referred to as the infusion rate. The variable high voltage
DC power supply was capable of producing a potential difference in the order of 0-50 kV. The
positive (anode) terminal of a variable high voltage power supply was attached to the metallic
needle of the solution delivery system, and the ground terminal (negative) was connected to the
solid support material (cathode) for collecting the nanofibers. The distance of separation of the
two electrodes (needle tip to the surface of the support) in the electrospinning apparatus was a
variable and denoted as the separation distance. Based on the research presented in Chapter 5,
Section 5.3.7 and 5.3.8, a chemically etched surface-treated aluminum foil (Lalman and Ray,
2009) was used as support material (collector plate) for the electrospun TiC>2 nanofibers.
Table 6.1: Factors and levels selected for the experimental study
Factors
levels

Potential difference
(kV)

Infusion rate
(ml/h)

Separation distance
(cm)

1

25

0.6

12.5

2

32.5

1.8

22.5

3

40

3.0

32.5
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6.2.2. Experimental design and model development
A three factor three level BBD having three central points was used to examine the factor
space, defined by the levels of the electrospinning variables, for minimum response output (TiC>2
nanofiber diameter (nm)). Three experimental factors (electrospinning variables) namely,
potential difference across electrodes (denoted as potential difference), infusion rate of the
electrospinning solution (denoted as infusion rate), and separation distance of the electrodes
(denoted as separation distance) were evaluated at three levels: minimum or low level (denoted
as 1), a central or medium level (denoted as 2), and a high or maximum level (denoted as 3)
(Table 6.1).
Three levels of the potential difference were distributed between 25kV and 40 kV. The levels
of the separation distance were chosen within a range of 12.5-32.5 cm. Below the lowest value
of potential difference (< 25kV), fiber formation was not observed as the applied potential was
lower than the opposing forces acting on the solution droplet at the needle tip. Similarly, above
the highest separation distance (>32.5 cm), the electrical potential across electrodes was
insufficient to draw a continuous strand of fluid jet across the electrodes, and the fiber formation
was discontinuous. Beyond the highest value of potential difference (> 40kV) and lowest
separation distance (12.5 cm), electrical arcs were observed between the electrodes as the static
potential exceeded the resistance of the enclosed air inside the chamber. The infusion rate was
adjusted between 0.6-3.0 ml-h"1. An infusion rate below 0.6 ml-h"1 resulted in the discontinuity of
fiber formation because of insufficient fluid flow. The fiber formation above the infusion rate of
3-Oml-h"1 was transient as the infusion rate was too high for a solution drop to stay at the needle
tip.
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The factors and associated levels for the BBD are presented in Table 6.1. The design points
of the BBD were chosen to evaluate a full quadratic model for the response function (nanofiber
diameter (nm)). The experiments were conducted under factor-level conditions defined in Table
6.2. The effects of process factors other than the three, which were selected for the experimental
design, were considered as an error for the experimental design under examination. The
experimental error was assumed to be random and, therefore, the error can be considered
estimable through replicate study at the design center. Three experiments were conducted at the
design centre (Expt. 13, 14 and 15) to estimate the magnitude of error in the experimental
analysis. The experiments were performed in a random manner in order to avoid any systematic
bias in the outcomes.

Table 6.2: Design matrix for experimental factors and response at different factor levels.

Expt.
order
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15

Experimental factors

Response

Infusion
rate
(ml-h"1)
0.6
0.6
3
3
1.8
1.8
1.8
1.8
0.6
3
0.6
3
1.8
1.8
1.8

TiCh fiber diameter
Rep 2
Rep 1
Rep 3
(nm)
(nm)
(nm)
75.7
80.1
83.8
62.6
59.6
56.8
93.5
87
93.3
61.1
60.1
65.6
78.1
81.7
84.5
64.1
68.5
63.6
77.2
72.3
70.6
51.4
53.8
50.5
68.7
66.7
69.9
74.5
78.7
80.1
52.4
50.8
54.2
66.2
62.8
65.4
59
60.1
65.8
61.5
60.1
60.3
63.3
65.3
65.6

Potential
difference
(kV)
25
40
25
40
25
40
25
40
32.5
32.5
32.5
32.5
32.5
32.5
32.5

Separation
distance
(cm)
22.5
22.5
22.5
22.5
12.5
12.5
32.5
32.5
12.5
12.5
32.5
32.5
22.5
22.5
22.5
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A multiple regression analysis (method of least square) was performed to compute the model
terms from the experimental data (Box and Draper, 1987). The analysis of variance (ANOVA)
was conducted with the experimental response to evaluate the full quadratic approximation of the
BBD response surface model. The curvature of the response surface was determined from the
order of the response surface model (Box et al., 1978).
An optimization analysis was performed to locate the optimal design points for the response
surface model excluding the statistically insignificant terms from the full quadratic model. The
design points for an accurate response prediction were identified using an optimality criterion.
The optimality criterion provided a measure of fitting the data and it was used to evaluate the
accuracy of the experimental design (Box and Draper, 1987). Computing the D-optimality value
had been reported as a popular optimization method (Redhe et al., 2002). A numerical algorithm
was used in the study to calculate the D-optimality value for all design points of the full
quadratic model under evaluation. The D-optimality criterion minimized the variance among the
regression coefficients of the fitted model and defined the optimal design points for an accurate
prediction of the response within the factor-space under evaluation (Titterington, 1975). In the
present study, an algorithm from the MINITAB statistical software (Version 15) (Minitab Inc.,
State College, PA) was used to identify the optimal design points for the response surface
prediction. The final response surface model was further refined by deleting the terms which
were associated with a level of significance greater than 5% (p > 0.05) from the quadratic model
(Box and Draper, 1987).
The model was verified through the analysis of residuals. The residuals were defined as the
difference between the model predicted value and the experimental outcome at identical factor
levels within the design space under consideration (Myer and Montogomery, 2002; Box and
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Draper, 1987). For a well predicted model, the residuals were expected to follow a normal
distribution (occurrences are random) (Box and Draper, 1987). The Anderson-Darling (AD) test
is a statistical tool that was used to quantify the deviation for a set of residuals from a normal
distribution.

The validity of the distribution of residuals in the AD test at a 5% level of

significance confirmed the model accuracy (Stephens, 1974).

6.2.3. Electrospinning
Titanium tetraisopropoxide (TIP), an organo-titanium sol-gel precursor of Ti0 2 (> 99.95%
purity) and polyvinyl acetate (PVAc (average molecular weight (Mw) 50,000 Daltons)), a carrier
for the TIP, were purchased from Alfa Aesar (Ward Hill, MA). Acetic acid (>99% purity), a
stabilizer for sol-gel conversion of TIP, was procured from EMD (Gibbstown, NJ).
Dimethylformamide (DMF) and tetrahydrofuran (THF), solvents were supplied by Fischer
Scientific (Ottawa, ON).
TIP was stabilized with glacial acetic acid in a molar ratio of 1: 4 mole TIP per mole acetic
acid under slow stirring conditions (Solution A). A 45% (weight per unit volume (w/v)) solution
of PVAc was prepared by dissolving polymer beads in 3:2 volumetric mixtures of DMF and
THF (Solution B). The electrospinning mixture (Solution C) was prepared by mixing the TIP
solution (Solution A) with 45% PVAc (w/v) solution (Solution B).
Jo et al. (2005) observed that TIP/PVAc ratio or the Ti-content was the one most important
electrospinning solution parameter which determined the morphology of the nanofibers. Hence,
the Ti-content of the electrospinning solution was varied by mixing various proportions of the
TIP solution (Solution A) with Solution B. Jo et al. (2005) also reported that roughened fiber
morphology with a reduced diameter was associated with lower Ti-content. The lowest Ti-
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content reported by Jo et al. (2005), which resulted in TiC>2 fibers with diameter of
approximately lOOnm, was 7.0% (weigh/weight (w/w)). In the present study, Ti-contents lower
than 7.0% were examined. Ti-content was varied at three levels 1.3%, 2.6%, and 3.9%. Beyond
the lowest Ti-content (1.3%) sol-gel conversion was very slow and the nanofibers disintegrated
during electrospinning. Above the highest level of Ti-content (3.9%) the electrospinning was
discontinuous at the lowest level of infusion rate (0.6 ml-h"1) due to rapid sol-gel conversion and
solidification at the needle tip.
The syringe containing the electrospinning solution (Solution C) was placed in the syringe
pump and the infusion rate of the pump was adjusted to a desired value (Table 6.2). The solution
was delivered at a constant flow rate to the stainless steel needle connected to the positive
terminal of the high voltage DC power supply. The ground terminal was attached to the surfacetreated aluminum support and positioned at a specific level (separation distance = 12.5 to 32.5
cm) (Table 6.2). Upon applying a potential difference within 25-40 kV (level defined in Table
6.2) to the needle tip, a fluid jet ejected from the capillary tip. After an initial instability period
of few seconds, a steady fluid jet headed for the grounded support. As the jet accelerated towards
the support, the solvent evaporated and a charged TiCVPVAc composite fiber was deposited on
the solid support.
The TiCVPVAc composite fiber was subjected to the vacuum drying (105°C under a vacuum
of 600mm Hg for 2 hours) and later, slow heating and calcination in air to eliminate the polymer
backbone from the nano-composite fiber. Eventually an immobilized TiC>2 nanofiber catalyst was
obtained (Renekar et al., 2008; Zhang et al., 2009). The heating program confirmed in thermal
characterization study presented in Chapter 5, Section 5.3.1, was followed to fabricate the
immobilized TiC>2 nanofiber catalyst. The specimen was heated at the rate of 1.5°C/min in a
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temperature programmable oven to 300°C, and thereafter, it was calcined in a muffle furnace set
at 400 °C for an additional 2 hours. The immobilized nanofiber sample was then cooled to
ambient temperature, cleaned with a gentle stream of clean dry air (to strip-off the loose particles
attached on the surface of the catalyst), and rinsed in ultrapure water to remove any remaining
polymer ash. The supported Ti0 2 nanofibers were then dried at 105°C and examined for fiber
diameter using microscopic imaging techniques.

6.2.4. Analytical measurements used to characterize the Ti02 nanocatalyst
Images of the Ti0 2 nanocatalyst were obtained using a field emission scanning electron
microscope (FESEM) (Quanta 200, FEI Company, Hillsboro, OR). An additional detail of the
instrument is presented in Chapter 5, Section 5.2.4. The specific surface area
(m /g) of the
immobilized Ti0 2 nanofibers was determined using the Brunauer-Emmett-Teller (BET) gas
adsorption technique according to the procedure desctribed in Chapter 3, Section 3.2.3.

6.3. Results and discussions
6.3.1. Effect of electrospinning process variables on nanofiber diameters
The effect of three experimental factors, potential difference, infusion rate and separation
distance on the diameter of the electrospun Ti0 2 nanofibers were evaluated at different
experimental levels tabulated in Table 6.1. The ejection of fluid jet and formation of nanofibers
was a process which involved a complex force balance. The applied electrical potential resulted
in an electrical polarization stress which tends to elongate the fluid drop accumulated at the
needle tip. The viscous drag resisted the electrical stretching force and surface tension opposes
the electrostatic repulsive force. Beyond the point, where the electrostatic force overcame the
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surface tension barrier, a charged fluid jet was ejected from the needle tip and accelerated
towards the grounded cathode. During the flight, the charged fluid jet encountered bending
instability due to columbic repulsion between the charged sections of the jet. The bending
instability was responsible for the stretching of the solidifying strand (Reneker et. al., 2000;
Yarin et. al., 2001; Shim et. al., 2001; Sigmund et al., 2006). Thus, an inverse relationship exists
between the diameter of the nanofibers and the applied potential difference across electrodes
(kV). In accordance with the theory, a decrease in the fiber diameter was observed with
increasing potential difference (Figure 6.1(A)). When the applied electrostatic force (under lower
applied potential) struggled to overcome the surface tension barrier a higher variability of the
fiber diameters was observed due to non-uniformity in the ejected fluid jets.
Increase in the infusion rate (ml-h"1) directly translated into higher mass throughput at the
needle tip. Thus, the fiber formation ceased below a certain mass throughput rate (< 0.6 ml-h"1)
under a specific applied electrostatic potential. Fiber formation at the highest level of infusion
rate (> 3.0 ml-h"1) was disturbed by gelation and solidification of accumulated sol solution at the
needle tip. At the lower infusion rate of 0.6 ml.h"1, restricted mass throughput and instability due
to surface tension (Rayleigh instability) of the fluid resulted in a higher variation of the fiber
diameter (Figure 6.1(B)). The most stable electrospinning of nanofibers were observed near the
middle setting of the infusion rate (1.8 ml.h"1).
A higher separation distance between electrodes resulted in longer travelling time for the
charged jet ejected from needle tip. Consequently, a larger separation distance caused the
electrospun fibres to become more elongated. Also, a longer travel time of the fluid jet was
favourable towards a greater loss of solvents and improved sol-gel conversion. Thus, an inverse
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relationship between the separation distances and diameter of nanofibers was also observed.
Smaller diameter nanofibers were produced as the separation distance increased (Figure 6.1(C)).
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6.3.2. Response surface analysis
For the response surface analysis, the TiC>2 nanofibers were generated at each design point of
the three factors (potential difference (kV), infusion rate (ml.h"1) and separation distance (cm))
and three levels (high (3), medium (2) and low (1)) of the BBD (Table 6.2). Considering this
design, three replicates sets (blocks) of 15 experiments were performed. The diameters of TiC>2
nanofibers from each experiment were measured. The diameter of the TiC>2 nanofiber was
considered as the response variable, and the data was statistically treated to develop a response
surface model (RSM). The experimental response for the design with the natural level of the
experimental factors in form of a matrix is presented in Table 6.2. A quadratic model described
by Equation 6.1 was used to express the factors as a function of the fiber diameter. In Equation
(6.1), ao to ag are regression coefficients for the respective model terms. The potential difference
across electrodes is denoted as "kV", infusion rate as "ml-h"1", and separation distance between
the electrodes is expressed as "cm"
Ti02 fiber diameter (nm) = ^Q + g^j x(A:F)+g^2x

^ + cl3 x ( CWI )
2

x

+a4 (

kv 2

) +a5* [

m l h

l

~ )

+a 6 x M

2

(6 1}

'

Three dimensional (3D) surface plots of the response variable (fiber diameter (nm)) for the
experimental factors (two-factor-at-a-time) are represented in Figure 6.2 (A-C). The surfaces in
the 3D plots were developed by connecting the points of equal response (equal fiber diameter).
The 3D surface plot of the potential difference versus the infusion rate (Figure 6.2(A)) showed
that highest potential difference (40 kV) with lowest value for the infusion rate (0.6 ml-h"1) was
able to produce the smallest diameter nanofibers. The change in the infusion rate resulted in a
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reduction of the fiber diameter. These observations were in contradiction with the results of the
OF AT study, where the relation between the fiber diameter and the infusion rate was not
apparent (Figure 6.1(B)). These further explained the significance of the comprehensive analysis
of the experimental variables in a BBD presented in this paper. A non-linear relationship of the
response (fiber diameter) with the variable (infusion rate) was predicted from the curvature of the
response surface. Irrespective of the level of potential difference, an increase in the separation
distance favoured the formation of smaller diameter fibers. However, a combination of the
higher potential difference (40 kV) and longer separation distance (32.5 cm) was best suitable for
the formation of smaller diameter fibers (Figure 6.2(B)). At higher potential differences, the
variability among the ejected section of the fluid jet from needle tip was minimum (as surface
tension barrier was subdued and time available for gelation at needle tip was insufficient), hence
thinning of ejected jets were solely controlled by the time of flight of the jet between needle tip
and the collector plate. Accordingly, longer separation distance (longer time of flight) at higher
potential difference values produced finer nanofibers (smaller diameter). The response surface in
Figure 6.2(C) showed that at lower separation distance, where the electrostatic gradient (kV per
cm) was high, the effect of variation on the infusion rate was less marked. Larger time of flight
of fluid jets at higher separation distance and lower infusion rate produced smaller diameter
nanofibers. Note, at higher potential difference, electrospinning was less sensitive to variation in
infusion rate and smooth ejection of fluid jets from needle tip was favoured. However, diameter
reduction of the ejected jets (stretching of the jets) was essentially controlled by longer time of
flight, ie. longer separation distance (between the tip and collector).
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3D surface plots of the response variable (fiber diameter (nm)) for the experimental
factors (two-factor-at-a-time)
(A) Potential difference and infusion rate
(B) Separation distance and Potential difference
(C) Infusion rate and separation distance
[Lines in the 3D surface plots connect the points of equal response]
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6.3.3. Development of response surface model
An analysis of variance (ANOVA) was performed to evaluate the full quadratic response
surface model presented (Equation 6.1). The ANOVA results (Table 6.3) of the experimental
data revealed that the model was statistically significant (at 5% level of significance) with linear
and quadratic terms. The interaction terms of the model were statistically insignificant (p =
0.062). Note the difference between replicates was statistically insignificant (p = 0.907). The
error for the model was evaluated by computing the lack-of-fit. The p-value of 0.585, associated
with the lack-of-fit suggested that the response surface model was statistically significant (and
lack-of-fit was insignificant) at 5% level of significance. A backward elimination method was
applied and statistically insignificant terms (p > 0.05) were deleted from the full quadratic model
to obtain a refined response surface model. Further optimization analysis was performed to
identify the optimal design points for the model excluding the statistically insignificant
interaction terms. The numerical optimization based on the D-optimality criterion, was used to
identify the design points for the optimal design.
The coefficients of the quadratic model were calculated using multiple regression analysis
with the experimental data (fiber diameter (nm)) from the optimal design.

The regression

coefficients with their respective p-values are tabulated in Table 6.4. Note the terms that were
statistically significant at 95% confidence level (p < 0.05) were included in the final response
surface model (Equation 6.2). The quadratic response surface model (Equation 6.2) defined the
diameter of Ti02 nanofiber (response) as a function of the three electrospinning variables;
potential difference (kV), infusion rate (ml-h"1), and separation distance (cm).
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TiO2 fiber diameter (nm) = 295.61 - 10.72 x(kV) +0.17x ( ml • h
K

1

j -2.17 x (cm)

J

(6.2)

2

+ 0.13x(kV) 2 + 1 . 2 7 X U / . / T 1

+ 0.03 x (cm)2

Table 6.3: ANOVA results of the experimental response at different factor levels.
Source
Blocks
Regression
Linear
Square
Interaction
Residual Error
Lack-of-Fit
Pure Error
Total

DF
2

Seq SS
2.12

Adj MS
1.06

F
0.1

P
0.907

3
3
3

4252.22
672.66
86.97

182.31
224.22
28.99

16.91
20.8
2.69

0.000 (*)
0.000 (*)
0.062

27

31.48
2.00
5369.78

10.49
9.14

2.3
4.57

0.585

44

Notes
1. DF = degrees of freedom
2. Seq SS = sequential sum of square
3. Adj MS = adjusted mean of square
4. (*) = values are statistically significant at 5% level of significance

Table 6.4: Regression coefficients of the response surface model for Ti0 2 fiber diameter
Term
Constant
kV
ml-h"1
cm
kVxkV
ml-h"1 x ml-h 1
cmx cm

Coefficient
ao
ai
a2
a3
34
as
a*

Regression
Coefficient
295.61
(-) 10.72
0.17
(~)2.17
0.13
1.27
0.03

P
0.000
0.000
0.042
0.016
0.001
0.031
0.050
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6.3.4. Verification of the response surface model
A plot of the experimental data against values predicted by the model (Figure 6.3(A))
revealed a reasonable correlation for the experimental response (R-square = 0.914).

The

residuals (difference between the predicted and experimental fiber diameter) played an important
role in judging the adequacy of the fit of the model to experimental data. A normal distribution
of residuals ensure an adequate fit of the model to the experimental data. The AD statistic was
used to confirm the normal distribution of the residuals (Figure 6.3(B)) (Stephens, 1974). The
calculated AD statistic (0.285) was lower than the critical value of the AD statistic (0.752) for a
sample size of 45 at 5% level of significance (Stephens, 1974). The value of AD statistic with
associated p-value (p = 0.594 (greater than 0.05)) confirmed a normal distribution of residuals
and suggested that the model prediction correlated reasonably well with the experimental results
over the factor-space analyzed in the study. The results of a paired t-test confirmed that the
difference between the experimental mean and model predicted mean of the response (TiC>2 fiber
diameter) was statistically insignificant at a 95% level of confidence. For the two sets of data
under consideration, the difference between the mean values was considered statistically
insignificant when

t c o m puted

(1-13) is less than

ttabulated

(2.14) (Box et al., 1978; Montogomery,

1997).
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Assessment of the accuracy of the response surface model
(A) Plot of model predicted fiber diameter against experimental fiber diameter
(B) Anderson-Darling normality plot of residuals (model predicted hydrogen
yield minus experimental hydrogen yield).
[AD: Anderson Darling statistic; P: level of confidence]
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6.3.5. Validation of the response surface model
A separate validation study was performed for each of the three factors (potential difference,
infusion rate and separation distance) under evaluation. Additional experiments were conducted
to confirm the validity and accuracy of the response surface model for the design variables. The
model predictions were compared with the experimentally observed results for potential
difference values ranging from 25 to 40 kV (Figure 6.4(A)). With exception of the experimental
observation at 25kV, the model predicted fiber diameter closely correlated with the
experimentally observed values. The predicted fiber diameter for the lower setting of potential
difference (25 kV) was slightly over-estimated compared to the experimental observation. Note
the variability (standard deviation) in diameter values for fibers generated at 25kV (Expt. order.
1, 3, 5 and 7 (Table 6.2)) was higher than that at 32.5kV and 40kV. An increase in the fiber
diameter correlated with an increase in the infusion rate (Figure 6.4(B)). Notice the experimental
fiber diameter at lower infusion rate was higher than the model prediction. The inherent
variability of the electrospinning process under the limiting mass throughput (at low infusion
rate) can likely account for the difference between the model prediction and the experimental
observation. The model predictions were in agreement with the experimental values for all the
levels of separation distance (Figure 6.4(C)).
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Validation of the model prediction against experimental values for the design
factors under consideration.
(A) Fiber diameter versus potential difference
[Infusion rate: 1.8 ml.h"1; Separation distance: 22.5 cm]
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[Potential difference:. 40 kV; Separation distance: 22.5 cm]
(C) Fiber diameter versus separation distance
[Potential difference:. 40 kV; Infusion rate: 1.8 ml.h"1]
[Average with standard deviation (SD) for triplicate samples are shown]
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6.3.6. Optimization of the surface area of the Ti02 nanofibers
The electrospinning condition for minimum response (TiC>2 fiber diameter) was located by
overlaying the 3D surface plots. The response surface model was then used to predict the fiber
diameter under identified electrospinning conditions which yielded a minimum fiber diameter. A
minimum response value (TiC>2 nanofiber diameter) of 43.3nm was computed with the response
surface model with a potential difference of 40kV, an infusion rate set at 0.6ml-h"' and separation
distance between electrodes of 32.5cm. Under the identical setting of electrospinning process
variables, the experimentally obtained diameter of Ti0 2 nanofiber (47.8 ± 8.7 nm) was 9.5%
higher than the model prediction (43.3nm). Additional experiments were conducted at the
computed optimal factor setting of 40 kV electrostatic potential, 0.6 ml-h"1 infusion rate, and 32.5
cm separation distance with electrospinning solutions of varying Ti-content. The Ti-content in
the electrospinning solution varied from 1.3%, 2.6% to 3.9%. Increasing Ti-content in the
electrospinning solution was observed to increase the diameter of the nanofibers (Figure 6.5).
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At a high Ti content (in the electrospinning solution), more TiC>2 formation per unit length of
the charged strand deposited on the collector surface was observed. This resulted in TiC>2
nanofibers bearing a larger diameter (Figure 6.5). The response surface model (Equation 6.2)
was further modified to include a term (Ti %) representing the Ti-content (in the electrospinning
solution). The modified response surface model for predicting the diameter of TiC>2 nanofibers
(nm) involving the electrospinning variables is presented in Equation 6.3. The model prediction
(31.6 nm) was 19% lower than the diameter of experimentally obtained Ti02 nanofibers (39.0 ±
6.6 nm).
TiO 2 fiber diameter (nm) = 261.91 - 10.72 x (kV) + 0.17x | ml •

) - 2 . 1 7 x (cm)

2
2

+ 0.13x(kV) + \21x{ml-h~^

(«)
2

+ 0.03 x (cm) + 16.27x(77%)

The specific surface area (SSA) of the Ti02 nanofibers was determined from physisorption of
nitrogen at - 196°C (77°K) between 0.0 to 0.3 relative pressure by BET analysis. The SSA of the
Ti02 nanofibers generated at optimal settings of the electrospinning variables was measured. The
electrospun nanofibers obtained at the optimal setting of 40 kV potential difference, 0.6 ml-h"1
infusion rate, and 32.5 cm separation distance using an electrospinning solution containing 1.3%
Ti had a fiber diameter of 39±6.6 nm. A SSA of 259 ± 23 m2-g_1 was recorded for Ti02 nanofiber
with a diameter of 39±6.6 nm. This recorded SSA of Ti02 nanofibers is only 5.8% lower than
that recorded by Ray et al. (2009) for 5 nm (275 ± 15 m2-g"' ) Ti02 nanoparticles (manufactured
by Alfa Aesar, Wardhill, MA).
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Table 6.5: Comparative TiC>2 fiber diameter of the present study against literature values.
Literature source

Diameter of Ti02 nanofibers

Specific surface area (SSA)

Li and Xia (2003)

53 ± 8 nm

Not reported

Ding et al. (2004)

200 - 300 nm

Not reported

Lee et al. (2005)

53 - 109 nm

Not reported

Nuansing et al. (2006)

80- 100 nm

Not reported

Kumar et al. (2007)

60 -150 nm.

Not reported

168 ± 4 5

Not reported

Tekmen (2008)

54 - 78 nm

Not reported

Jo et al. (2009)

1 0 0 - 5 0 0 nm

3 - 1 0 0 m2-g_1

Zhang et al. (2009)

65 - 115 nm.

Not reported

Alves et al. (2009)

544 ± 270 nm

53.42 m2-g_1

Present study

39 ± 6.5 nm

259 ± 23 m 2 g 1

Doh et al. (2008)

The TiC>2 nanofiber diameters in the present study were compared with values reported in the
literature sources (Table 6.5). From Table 6.5, it is evident that TiC>2 nanofibers produced during
this study have the smallest diameter. The TiC>2 nanofiber diameter reported by Li and Xia
(2003) is the next largest size when compared to the diameter reported in this study. A
comparative t-test was performed with the means reported by Li and Xia (2003) (53 ± 8 nm)
with that in the present study (39 ± 6.5 nm). The test concluded that the means are statistically
different at 95% level of confidence

(tcaicuiated

(11-5) >

ttabuiated

(1-98)) (Montogomery, 1997). The

SSA is seldom reported in the literature together with the fiber diameter. Other than the two
recent reports (Jo et al., 2009; Alves et al., 2009), Kokubo et al. (2004) reported a SSA of 100
m2-g"' for Ti02 nanocatalyst measured after disintegrating the fibrous structure. SSA of the
immobilized Ti02 nanofibers observed in this study is much larger when compared to the SSA of
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nanofibers reported in the literature (Table 6.5) and comparable with the SSA of discrete
nanoparticles.

6.4. Conclusions
A response surface model based on the BBD technique was developed to predict the diameter
of TiC>2 nanofibers produced by sol-gel electrospinning. The three experimental factors
considered in this study included applied potential difference across the electrodes, infusion rate,
and separation distance between the electrodes. Except at a lower setting of potential difference
(25kV) and low infusion rate (0.6ml-h_1), the model prediction was consistent with
experimentally observed fiber diameter. Due to increasing process instability, the variability
associated with the low setting of the potential difference and infusion rate was large compared
to the other experimental levels. A minimum fiber diameter was predicted when the potential
difference was set at 40kV, infusion rate at 0.6ml-h"1, and separation distance between the
electrodes at 32.5cm. The experimentally obtained TiC>2 nanofibers diameter (47.8±8.7 nm) was
9.5% larger than the model predicted value of 43.3 nm. Other than the potential difference,
infusion rate, and separation distance the Ti-content in the electrospinning solution significantly
affected the nanofiber diameter. Hence, a modified model for the Ti02 nanofiber diameter was
developed by incorporating a term which accounted for the Ti-content. Under optimal settings
(40 kV applied potential, 0.6 ml-h"1 infusion rate, and 32.5cm separation distance) the predicted
nanofiber diameter of the refined model at 1.3% Ti-content (31.6 nm) was 19% lower than the
experimental diameter of 39.0±6.6 nm. The diameter of the immobilized Ti02 nanofiber in this
study was significantly less than the values reported in the literature. The SSA of Ti02
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nanofibers (259 ± 23 m2-g"') was approximately 6% less than the SSA of 5 nm Ti02
nanoparticles.
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CHAPTER 7: EVALUATION OF AN IMMOBILIZED
TITANIUM DIOXIDE NANOCATALYST FOR
PHOTOCATALYTIC PERFORMANCE

7.1. Introduction
In recent years, oxidative degradation of organic pollutants in an aqueous phase using a
photo-illuminated heterogeneous catalyst has emerged as a potential technology for treating
industrial effluents (Ollis et al., 1991). The process, generically identified as heterogeneous
photocatalysis, relies on using hydroxyl ("OH) radicals to mediate oxidation of the organic
contaminants into carbon dioxide (CO2) and water using specific wavelengths of light
(Bhatkhande et al., 2001; Lee and Mills, 2004). Heterogeneous photocatalysis offers a unique
advantage over other alternative treatment methods as the technology can be classified as a
'green' treatment approach. Among the reported photocatalysts (ferric oxide (Fe2C>3), cadmium
sulfide (CdS), tungsten oxide (WO3), zinc oxide (ZnO), titanium dioxide (Ti02)) which have
been used, Ti02 has received the most attention due to its chemical inertness, lower biological
toxicity, excellent photo-stability, high relative abundance, and above all, an oxidative potential
for generating 'OH radicals (Rajeshwar, 1995; Bhatkhande et al., 2001; Carp et al., 2004;
Herrmann, 2005).
The specific surface area (SSA) and crystal structure are two important parameters
controlling the photocatalytic performance of Ti0 2 (Rajeshwar, 1995; Gogate and Pandit, 2004;
Carp et al., 2004; Hurum et al., 2006). For Ti02 particles, SSA is a function of the particle size.
Ti02 within the micrometer range is largely utilized in paint manufacturing (Allen et al., 2004).
The loss of charge carriers and inefficient light scattering are the main reasons for poor
photocatalytic activity of the pigment grade micrometric Ti02 particles (Shah et al., 2002; Allen
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et al., 2004; Carp et al., 2004). The crystal structure dictates the bandgap energy and the
oxidative potential of TiC>2. Rutile, anatase, brookite and monoclinic are four common TiC>2
crystal structures (Carp et al., 2004; Herrmann, 2005). Among the different crystal forms of TiCh,
anatase has the highest bandgap energy (Eg), and more photocatalytic activity than rutile and
other crystal forms of TiC>2 (Bhatkhande et al., 2001). Rutile is the more stable form; however,
for particle sizes less than 14nm in diameter, anatase is thermodynamically more stable (Zhang
and Banfield, 1998). Thus, anatase TiC>2 nano-structures are desirable for photocatalytic
applications.
Increasing innovations in manufacturing have permitted processes to produce particle sizes in
the nanometer range. Several nanometer size TiC>2 formulations have been synthesized and
evaluated for their photocatalytic potential (Blake, 1999; Bhatkhande et al., 2001; Sankapal et
al., 2006). Various physical techniques (such as spluttering and vapor deposition) and chemical
methods (for instance, hydrothermal and glyco-thermal crystallization) have been tested for
synthesizing TiC>2 nanoparticles (Blake, 1999; Carp et al., 2004; Sankapal et al., 2006; Centi and
Perathoner, 2009). However, the most successful method of synthsizing TiC>2 nanoparticles is
the sol-gel based synthesis method (Sayilkan et al., 2005). In the sol-gel method, a titanium
alkoxide (sol-precursor) is hydrolyzed to produce nano-sized high surface area TiC>2 particles.
Homogeneity of the nanoparticles, well defined fine structure of TiC>2, high surface area, and
ease of coupling with catalyst immobilization techniques are some of the advantages of the solgel technique over other synthesis methods (Sayilkan et al., 2005; Carp et al., 2004).
Sol-gel derived TiC>2 nanoparticles are used as an aqueous dispersion or slurry for
photocatalytic studies (Dijkstra et al., 2001). However, the use of TiC>2 nanoparticles in the form
of slurry is associated with several limitations related to the practical application of the catalyst
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(Houari et al., 2005). Nanoparticles tend to aggregate when wet, resulting in loss of surface area
(refer Appendix B), and therefore, nano-particle slurries require vigorous mechanical agitation in
order to minimize particle aggregation during the photocatalytic reaction (Hurum et al., 2006).
The photocatalytic efficiency of nanoparticle slurry is dependent upon the penetration depth of
the incident radiation. Increasing Ti0 2 nanoparticle concentration causes higher turbidity, and
thereby severely impairs the depth of penetration of the incident radiation (Ling et al., 2004).
Additionally, the nanoparticle slurry process requires a supplementary post-treatment solid/liquid
separation process for catalyst recovery (Houari et al., 2005). Also, there are human health
hazards associated with fugitive emissions of nanoparticles during slurry preparation (Baan et al.,
2006). An approach to minimize these limitations is to immobilize the nano-particles onto a
fixed or fluidized support.
A popular method for immobilizing Ti0 2 for photocatalysis is the in-situ production of
nanoparticles by the sol-gel technique and subsequent deposition onto a solid support via dip
coating (Hamid and Rahman, 2003). However, a major drawback of this immobilized Ti0 2
catalyst system is the lower photocatalytic rates compared to the discrete nanoparticle slurry
(Dijkstra et al., 2001). The lower photocatalytic rate of the immobilized system is related to the
loss of surface area caused by particle sintering or aggregation on the support surface during the
thermal treatment (Carp et al., 2004; Houari et al., 2005). Sintering results in the formation of
large particle aggregate or film on the support surface and

the resultant supported catalyst

therefore has a surface area smaller than that of discrete nanoparticles by a few orders of
magnitude (Ibanez et al., 1999). An alternative approach of producing a catalyst with surface
area comparable to that of the nanoparticles is to fabricate Ti0 2 nano-structures and subsequently
immobilize them onto a support.
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A technique for fabricating immobilized nano-structures onto a fixed support is
electrospinning. In the electrospinning process, a high static voltage is used to produce ultrafine
fibers with diameters in the nanometric range (Reneker and Chun, 1996). The electrospinning
technique has been successfully exploited to generate small diameter fibers and to fabricate large
surface area membranes (Frenot and Chronakis, 2003; Subbiah et al., 2005). Recently,
electrospinning has also been applied to the production of nanofibers of metal oxides and
ceramics (Chronakis, 2005; Sigmund et al., 2006).
Li and Xia (2003) demonstrated the coupling of the sol-gel technique of TiC>2 nanoparticle
formation with electrospinning process and produced TiC>2 nanofibers in a two step process.
Initially, the nanofibers are fabricated by electrospinning a sol-precursor of TiC>2 with a high
molecular weight polymer. The purpose of the polymer is to impart rheological stability and act
as a carrier for the titanium salt during nanofiber formation (Li and Xia, 2003). Later the
composite nanofibers of the polymer and TiC>2 are subjected to calcination treatment to obtain
pure TiC>2 fibers. To date, several attempts have been reported towards developing immobilized
TiC>2 nanofiber catalysts for photocatalytic application (Madhugiri et al., 2004; Doh et al., 2008;
Alves et al., 2009). However, none of the earlier reports have been very successful in developing
a high surface area immobilized Ti(>2 nanofibers catalyst for photocatalytic application. Poor
stability of the immobilized catalyst system (Madhugiri et al., 2004; Doh et al., 2008) and
inferior photocatalytic performance compared to nanoparticles (Madhugiri et al., 2004; Alves et
al., 2009) are two limitations observed by the earlier researchers. Hence, the intent of the present
study is to develop a photocatalyst system by immobilizing TiC>2 nanofibers onto a fixed solid
support and compare the photocatalytic performance of immobilized TiC>2 nanofibers with that of
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the nanoparticles slurry. The SSA, crystal structure, and bandgap energy of the immobilized
TiC>2 nanofiber catalyst are also to be determined as part of the investigation.

7.2. Materials and methods
7.2.1. Materials
Titanium tetraisopropoxide (TIP), an organo-titanium sol-gel precursor to titanium dioxide (>
99.95% purity) and polyvinyl acetate (PVAc (average molecular weight (Mw) 50,000 Daltons)),
a carrier for the TIP, were purchased from Alfa Aesar (Ward Hill, MA). Acetic acid (>99%
purity), a stabilizer for sol-gel conversion of TIP, was procured from EMD (Gibbstown, NJ).
Dimethylformamide (DMF) and tetrahydrofuran (THF), solvents were supplied by Fischer
Scientific (Ottawa, ON). Titanium dioxide (>99.9% purity) nanoparticles (5nm and lOnm
particle size) used in the experiment were procured from Alfa Aesar (Ward Hill, MA). X-ray
diffraction was used to ensure the anatase type crystal structure of the nanoparticles. Phenol
(Reagent grade, >99% purity) was procured from Sigma Aldrich (Oakville, ON). Ultrapure water
(18M-ohm resistivity) used in this study was generated by a NANOpure Diamond water unit
(Thermo Fisher Scientific, Waltham, MA).

7.2.2. Electrospinning apparatus
The electrospinning apparatus (Figure 5.1) consist of a pumping system capable of delivering
a viscous solution at a constant flow rate to a metallic capillary. The metallic capillary was
connected to a positive (anode) terminal of a variable high voltage DC power and the negative or
ground terminal (cathode) was attached to a collector surface (conducting solid catalyst support
material), where the charged nanofibers are deposited. A detail of the apparatus is described in
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Chapter 5, Section 5.2.1. The two electrodes (needle tip to the surface of the solid support) were
separated by a distance (32.5 cm), This distance was established as favorable for the formation of
ultrafine nanofibers based on the optimization study reported in Chapter 6, Section 6.3.6.

7.2.3. Choice of catalyst support material
The type of support material used to immobilize TiC>2 nanoparticles can be classified as fixed
and fluidized support. Glass plates (Hamid and Rahman, 2003; Ling et al., 2004), glass fibres
(Pozzo et al., 1997), polymeric fibres (Ding et al., 2004) and textile materials (Bozzi et al., 2005)
are some reported fixed catalyst support materials.

Materials used for fluidized application

include activated charcoal (Carpio et al., 2005) and bentonites (Houari et al., 2005). Fluidized
materials are not suitable as (collector) solid support in electrospinning because these are
unorganized small particles, and in some cases these are non-conducting. A fixed support
materials such as glass, also presents a problem because it is non-conducting. In comparison
aluminum support is capable of quickly dissipating static charges and hence, can be used as
collector ground. Moreover, previous work reported that aluminum possesses good adhesion
property for the TiC>2 nanocatalyst. The roughness of the support surface improved the adhesion
behavior of immobilized Ti(>2 nanocatalyst (Peiro et al., 2002). Hence, a newly developed
surface-treated aluminum foil with nanoscale surface roughness (Lalman and Ray, 2009) was
chosen for supporting the electrospun TiC>2 nanofibers (refer Appendix C). Based on the findings
of other studies (Ding et al., 2004; Song et al., 2004), the surface-treated aluminum foil was used
in TiC>2 nanofiber immobilization after an additional surface treatment. The detail of the catalyst
support preparation procedure is described in Chapter 5, Section 5.3.6.
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7.2.4. Preparation of the electrospinning solution
A sol-gel precursor for fabricating TiCh is TIP. TIP solution was prepared by stabilizing with
glacial acetic acid in a molar ratio of 1: 4 mol TIP per mol acetic acid under slow stirring
conditions (Solution A). Solution A was mixed with a polymer solution to maintain a viscosity
within 130-160 centipoise (cps) (Cui et al., 2008). Polyvinyl acetate (PVAc) was reported to
have better miscibility with TIP and maintain better homogeneity of the phases during
electrospinning (Jo et al., 2005). Hence, PVAc was selected for the study. A PVAc solution was
prepared by dissolving polymer beads in 3:2 volumetric mixtures of DMF and THF (Solution B).
The viscosity of a 45% (weight per unit volume (w/v)) solution of PVAc (Mw 50,000 Dalton) in
3:2 (v/v) DMF/THF was measured using a cone and plate viscometer (Brookfield CAP 1000
viscometer, Brookfield, Middleboro, MA). The viscosity was 147.8±0.6cps at shear rate
> 10,000s"1. The electrospinning solution (Solution C) was prepared by mixing the TIP solution
(Solution A) with 45% PVAc (w/v) solution (Solution B). The Titanium (Ti) content (by weight)
in the electrospinning solution was varied by mixing various proportions of the TIP solution
(Solution A). The Ti-content (1.3%, 2.6% and 3.9% as Ti by weight) were selected based on the
results of the optimum study presented in Chapter 6, Section 6.3.6.

7.2.5. Electrospinning and catalyst immobilization
A syringe containing the electrospinning solution (Solution C) was placed in the syringe
pump and the infusion rate of the pump was adjusted to a desired value of 0.6 ml-h"1. The
stainless steel needle of the syringe was connected to the positive terminal of the high voltage
DC power supply. The ground terminal was attached to the surface-treated aluminum (foil)
support (collector) and positioned at 32.5 cm from the needle tip. The observations presented in
Chapter 5, Section 5.3.7 showed that interaction of PVAc with TIP resulted in the formation of
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linking bridge, which favored the adhesion of nanofibers on to the support surface. Hence, in the
present study the surface-treated aluminum foil was applied with a coating of PVAc (45% (w/v)
in 3:2 DMF/THF) by means of a stainless steel doctor's blade (blade angle 45°) prior to
electrospinning (as described in Chapter 5, Section 5.3.7), and used as the collecter for
nanofibers.
Upon applying a potential difference of 40kV, a fluid jet was ejected from the capillary
(needle) tip. After an initial instability period of few seconds, a steady fluid jet headed towards
the grounded support. As the jet accelerated towards the cathode, the solvent evaporated and
charged TiCVPVAc composite fibers were deposited on the solid support (treated aluminum
foil). TiCVPVAc nanofibers were dried under a vacuum of 600mm Hg at 105°C for 2 hours to
remove the residual solvent and allow for further stabilization of the structure (Madhugiri et al.,
2004; Sheikh et al., 2009). The vacuum dried nanofibers were subjected to a step-wise heat
treatment as described in Chapter 5, Section 5.3.1. The steps included a slow heating (at rate of
1.5°C/min) of TiCVPVAc nanofiber in a temperature programmable oven to 300°C, followed by
calcination in a muffle furnace (Thermolyne 1300, Thermo Fisher Scientific Inc., Newington,
NH) to a final calcination temperature (400° - 500°C) for an additional 2 hours. The immobilized
nanofibers were then cooled to ambient temperature, cleaned with a gentle stream of clean dry
air, rinsed in ultrapure water, and finally, dried at 105 °C.
The anatase is the most photocatalytically active crystal form of TiC>2 (Bhatkhande et al.,
2001). Calcination temperatures between 400° to 500°C was examined by earlier researchers for
the fabricating anatase TiC>2 photocatalyst (Chandrasekar et al., 2009; Alves et al., 2009; Zhang
et al., 2009; Kumar et al., 2007). Teleki et al. (2008) reported that temperatures greater than
400°C can induce phase transformation of TiC>2 from anatase to rutile. The temperatures of
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450°C (Doh et al., 2008) and 500°C (Alves et al, 2009) had also been reported for immobilizing
TiC>2 nanofiber catalysts. Hence, in the present study three calcination temperatures (400°, 450°
and 500°C) were examined for their effect on the morphology, band gap energy and (SSA) of the
photocatalyst.

7.2.6. Nanocatalyst characterization
The crystalline structure of the immobilized Ti0 2 nanofibers was quantified using a X-ray
diffractometer (D8 Discover, Bruker Corporation, Milton, ON). The details of the instrument
configuration are reported in Chapter 5, Section 5.2.4. The nanofibers were scraped from the
support in order to determine the crystal structure. The crystalline phases were identified by
comparing the interplanar spacing and the diffraction peaks against JCPDS cards (Joint
Committee on Powder Diffraction Standards (JCPDS), powder diffraction file, Card No. 21-1272
(anatase) and 21-1276 (rutile), Swarthmore, PA). The mass fraction of rutile phase (XR) was
computed using Spurr equation, Equation 7.1 (Scotti et al., 2009). The term U and IR (Eqn. 3) are
the integrated intensities of the (101) anatase and (110) rutile crystal plane respectively.
1

XR

=1 + 0.8' L f

\iR

(7.1)
j

Images of the nanofibers were obtained using a field emission scanning electron microscope
(FESEM) (Quanta 200, FEI Company, Hillsboro, OR). An additional detail of the instrument is
described in Chapter 5, Section 5.2.4. The diameters of the nanofibers were measured from the
FESEM images using an image processing software (SCANDIUM, Olympus Soft Imaging
Solutions Corp, Lakewood, CO). The surface details of the nanofibers were imaged using
multimode scanning probe atomic force microscope (AFM) (Nanoscope IV, Veeco Instruments
Inc., Plainview, NY) fitted with TESP probe in tapping mode. The minimum scanning area of

159

the AFM was 0.16 |am2. The AFM images were analyzed using Nanoscope software, version
6.13 (Veeco Instruments Inc., Plainview, NY).
The TiC>2 nanocatalysts were optically characterized to determine the bandgap energy by
measuring the transmittance of incident light with wavelengths between 200 to 400nm using a
UV-visible spectrophotometer (Cary 50, Varian Inc, Palo Alto, CA). The SSA (m /g) of the
TiC>2 nanocatalyst was determined from physisorption of nitrogen (N2) gas (BOC, Windsor, ON)
under relative pressure (P/P0) of 0.0-0.3 at 77.34K in a surface area analyzer (NOVA 1200e,
Quantachrome Instruments, Boynton Beach, FL) using the Brunauer-Emmett-Teller (BET)
principle.

7.2.7. Photocatalytic experimental set-up
Photocatalytic experiments were performed in photocatalytic reaction tubes (25mm inner
diameter (ID) x 250mm length) fabricated from GE-214 clear fused quartz silica (Technical
Glass Products Inc., Painesvile, OH). A model pollutant (phenol) was dissolved in water and the
supported Ti02 nanofiber catalyst was dipped in the reaction liquid. In comparative with
nanoparticles, a Ti02 nanoparticle slurry was added instead of the supported catalyst. The
headspace of each reaction tube was purged with oxygen for 10 minutes, and sealed with
Teflon® lined 20mm silicone rubber septa (Cobert Associates, St Louis, MO) and aluminum
crimp caps (Cobert Associates, St Louis, MO). The sealed reaction tubes were then placed in a
modified Rayonet RPR-100 ultraviolet (UV) photocatalytic chamber (Southern New England
Ultraviolet Co., Branford, CT). The custom built photocatalytic chamber was equipped with
sixteen phosphor-coated low-pressure mercury lamps on the outer perimeter and a centrally
located rotating inner carousel (Figure 7.1). Three or six quartz reaction tubes were placed on
the inner rotating carousel and irradiated with 300nm monochromatic UV light at an average
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irradiance of 9 mW/cm2 (measured using a UV-X radiometer (UV Process Supply Inc., Chicago,
IL). Over the duration of each photocatalytic experiment, a fixed amount of liquid solution was
withdrawn from the reaction tubes at specific time intervals. The liquid samples were stored in
screw capped culture tubes (13mm ID x 100mm length) (VWR International, Mississauga, ON)
wrapped with aluminum foil for further quantitative analysis. The residual substrate
concentration in the liquid samples were analyzed by high performance liquid chromatograph
(HPLC).

Temperature-controlled
chamber
UV chamber
Monochromatic UV Lamp'
(300nm)

Magnetic Stirrer Plate

Crimp with Teflon ® seal

Quartz reaction tube
Immobilized Ti0 2
nanofiber catalyst
Reaction liquid

Circulation fan

Figure 7.1

Schematic diagram of photocatalytic apparatus (and reaction set-up)

Phenol is a classified carcinogen, teratogen, mutagen and endocrine disruptor. Notice that
phenol is a basic structural entity of many other ecotoxins and endocrine disrupting chemicals.
Phenol and phenol derivatives has an annual global production of approximately 3 million tones,
and are routinely used in the manufacture of resins, insulation panels, herbicides and pesticides
paints and lubricants (Envirnmental Health Criteria (EHC) 161, 1994). Hence, phenol was
selected as the model pollutant (substrate) for the photocatalytic experiments in this study.
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7.2.8. Analysis
Degradation of the phenol (substrate) was monitored using a HPLC (Dionex Ultimate 3000,
Sunnyvale, CA) equipped with a UV-visible photodiode array (PDA) detector set at 215 nm and
configured with an Acclaim C18-3pm-2.1mm (ID) x 100mm (length) column (Dionex,
Sunnyvale, CA). The analysis was conducted isothermally with the oven temperature set at 45°C
and an eluent (acetonitrile-water mixture (1:4)) (Fisher Scientific, Ottawa, ON) flow rate set at
0.4 ml/min. The detection limit for phenol was 5p.g/l.

7.3. Results and discussions
7.3.1. Effect of varying Ti content on the immobilized nanofibers
The diameter of Ti02 nanofibers immobilized on the support surface was measured to
determine the effect of varying the Ti-content. FESEM images of Ti02 nanofibers fabricated
from electrospinning solution with different Ti-content are presented in Figure 7.2 (A-C). Figure
7.2 (D-F) present histograms of Ti02 nanofiber diameters for respective FESEM images. Smaller
diameters were recorded for nanofibers generated using an electrospinning solution with lower
Ti-content. Increasing Ti-content in electrospinning solution is associated with more Ti02
formation and deposition as nanofibers on the support surface. Hence, Ti rich electrospinning
solution results in nanofibers with larger diameters after thermal stabilization.
Higher variability in the nanofiber diameters was observed for increasing Ti-content. The
smallest fiber diameter of 19 nm (with range of 19 - 49 nm) was measured for 1.3% Ti content
(Table 7.1). Increasing the Ti content in the electrospinning solution caused faster gelation and
solidification. Gelation of Ti containing sol-precursor changed the surface tension and the
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viscosity property of the solution during electrospinning and this was the major reason for higher
variability in the fiber formation (Tekmen et al., 2008).
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The SSA associated with immobilized nanofibers generated from electrospinning solutions
with different Ti-contents are tabulated in Table 7.1. Decreasing SSA with increasing Ti-content
in the electrospinning solution is directly related to the loss of the surface area due to increased
fiber diameter at higher Ti-content.

Table 7.1: Effect of Ti-content on the characteristics of immobilized TiC>2 nanofibers.
Ti-content in solution

Fiber diameter (nm)

Specific surface area

% (w/w)
1.3

Range

Mean ± SD

19-49

39±6.5

(mV)
259±23

2.6

28-93

54±11.6

108±23

3.9

45-109

79±17.1

90±11

7.3.2. Effect of calcination temperature on the immobilized nanofibers
According to Teleki et al. (2008), the phase transformation of TiC>2 from anatase to rutile
occured at calcination temperature of approximately 400°C. Calcination temperatures of 450°C
(Doh et al., 2008) and 500°C (Alves et al., 2009) have also been reported in literature for
immobilization of TiC>2 nanofiber catalyst. Hence, in the present study the effects of three
different calcination temperatures, 400°, 450° and 500°C, on the properties of TiC>2 nanofibers
electrospun from solution containing 2.6% Ti were examined. The diameter of TiC>2 nanofibers,
after calcination at 400°C, 450°C and 500°C were 54 ± 11.6 nm (designated as A), 50 ± 14.3 nm
(designated as B) and 49 ± 15.1 nm (designated as C) respectively. The fiber diameters were
statistically compared using the t-statistic to examine the effect of calcination temperature. The
results of the t-test were 1.55

(tA-B),

0.34

(t B -c)

and 1.88

(tA-c)

respectively. The calculated t-test

values were less than the tabulated t-value of 2.08 at 95% confidence level (Montogomery,
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1997). Thus, increasing calcination temperature from 400° to 500°C was concluded to have no
significant effect on the diameter of Ti0 2 nanofibers.
The SSA of the Ti0 2 nanofibers calcined at 400°, 450° and 500°C are presented in Table 7.2.
The SSA of the Ti0 2 nanofibers was considerably reduced (from 108±23 to 54±9) as the
calcination temperature increased from 400° to 450°C. The decrease in SSA on further increase
in calcination temperature from 450°C to 500°C is much less (from 54±9 to 39±11). The
examination of the Ti0 2 nanofibers calcined at 400°, 450° and 500°C using AFM and FESEM,
revealed the cause for the decrease in the SSA (Figure 7.3 (A- F)). Notice the decrease in surface
roughness in AFM images and appearance of distinct cracks due to aggregations in FESEM
images with increasing calcination temperatures. The sintering of the pores and loss of surface
texture of the nanofiber with increasing temperatures resulted in a decrease in the SSA. Hence, a
temperature of 400°C was left invariant (from studies presented in Chapter 5, Section 5.3.1 and
5.3.2) as the calcination temperature for fabricating Ti0 2 nanofibers with high SSA.

Table 7.2: Effect of calcination temperature on the diameter and specific surface area
Calcination
temperature (°C)

Fiber diameter (nm)

400

54± 11.6

108 ± 2 3

450

50 ± 14.3

54 ± 9

500

49 ± 15.1

39 ± 11

Specific surface area
(mV)
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Figure 7.3

Effect calcination temperature on the surface texture of Ti02 nanofibers
(A) AFM image, 400°C; (B) AFM image, 450°C; (C) AFM image, 500°C
(D) FESEM image, 400°C; (E) FESEM image, 450°C; (F) FESEM image, 500°C

7.3.3. Crystalline phase and the bandgap energy of the nanofibers
The TiC>2 nanofibers calcined at three different temperatures (400°, 450° and 500°C) were
analyzed for the crystalline phase and the bandgap energy. X-ray diffraction (XRD) studies were
conducted to determine the crystalline phase of the nanofibers. From the d-spacing and the 20 xray diffraction angle the crystal planes were identified and compared with the reported d-spacing
values of pure crystalline phases. Anatase is the only crystal phase identified in the TiC>2
nanofibers calcined at 400°C. X-ray diffraction peaks for both anatase and rutile TiC>2 crystal
phases were observed in nanofibers calcined at 450°C and 500°C. The integrated intensities of
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the

(101)

anatase crystal plane

PDF, Card No.

21-1272

(101)

at

(anatase) and

3.51A

and rutile crystal plane

21-1276

(110)

at

3.24A

((JCPDS,

(rutile)) were calculated. From the integrated

intensities of anatase (U) and rutile (IR) the mass fraction of rutile phase (XR) was computed
using Equation 7.1. The rutile mass fraction (%) are tabulated in Table 7.3. Increasing
calcination temperature was observed to increase the rutile phase for the TiC>2 nanofibers.
Table 7.3: Effect of calcination temperature on crystal phase and bandgap energy
Calcination
temperature (°C)

Mass fraction of crystal phase (%)
Anatase

Rutile

Bandgap energy
(eV)

400

100

0

3.24

450

96

4

3.13

500

73

27

3.03

The bandgap energy (Eg) of the TiC>2 nanofibers was computed from the measured
transmittance of ultra-violet radiation using Plank-Einstein equation, Equation 7.2.
E g = hc/A m i n

(7.2)

where, Xmjn is the wavelength of incident radiation with minimum transmittance, h is Plank's
constant and c is the speed of light (constant). The computed Eg for the TiC>2 nanofibers calcined
at 400°, 450° and 500°C were tabulated in Table 7.3. The highest Eg was recorded for the Ti0 2
nanofibers calcined at 400°C. Notice decreasing Eg values are observed with increasing
calcination temperature. An increase in calcination temperature from 400°C to 500°C resulted in
an increase in the rutile mass fraction in the TiC>2 nanofibers. The Eg value for the rutile phase
(3.0 eV) was lower than that of the anatase crystal phase (3.2 eV) (Bhatkhande et al., 2001).
Decreasing Eg values for TiC>2 nanofibers with increasing calcination temperature from 400°C to
500°C was likely due to increase in the mass fraction of the rutile phase.
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7.3.4. Effect of nanofiber loading on the specific surface area
Electrospinning and subsequent immobilization result in layer-by-layer deposition of Ti02
nanofibers onto the support surface. The number of deposited layers of nanofibers in practice is
synonymous to the mass of TiC>2 nanofibers deposited. The mass of TiC>2 deposited per unit area
of the support was varied by repeating the electrospinning deposition process. Increased
nanofiber loading resulted in decrease of SSA for the immobilized nanofiber catalyst (Figure
7.4(A)). A maximum SSA was recorded for TiC>2 nanofiber loading of 0.9 g-m"2. Notice the
decrease in SSA tends to level (reach a plateau) beyond 1.4 g-m"2 of TiC>2 loading. The reason can
be explained using the schematic presented in Figure 7.4(B). The surface to surface contacts of
nanofibers during repeated deposition caused a loss of available surface area at points where the
fibers were in contact with each other. Thus, increasing the deposition of TiC>2 nanofibers per
unit area of support lessen the available surface area for monolayer adsorption of adsorbate gas
molecules (nitrogen) and thereby resulted in lowered specific surface area (SSA) values. The
limitation of the electrospinning apparatus in distributing the catalyst for uniform coverage of
support surface was noticed at loading below 0.9 g-m"2. Hence, the nanofiber loading rate below
0.9 g-m"2 was not examined.
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(A) Effect of Ti0 2 nanofiber mass loading per unit area of support on specific
surface area
(B) Schematic diagram relating layer-by-layer build-up of nanofibers with loss
of surface area

7.3.5. Photocatalytic performance of immobilized TiOi nanofiber catalyst
The impingement of light on the Ti0 2 surface with photon energy greater than the band gap
(Eg) generates electron-hole pairs (Lee and Mills, 2004). The charge carriers (electrons in
conduction band or hole in valence band) either recombine with the bulk of the material or
migrate to the particle surface (Linsebigler et al., 1995). In aqueous medium, the electron-hole
pairs initiate an oxidation-reduction reactions at the Ti0 2 surface to produce "OH radicals

169

(Herrmann, 2005). A factor determining the photocatalytic performance of TiC>2 is the band gap
energy, which controls the photo-mediated charge carrier formations and subsequent degradation
rate of organic pollutants (Bhatkhande et al., 2001). The SSA is another important factor which
controls the number of free charge carriers on the TiC>2 surface (Carp et al., 2004). The selected
immobilized TiC>2 nanofiber catalyst (denoted as NF) for photocatalytic experiments (electrospun
from 1.3% Ti-containing solution and calcined at 400°C) had minimum fiber diameter of 39±6.6
nm, a maximum SSA of (259±23 m2-g"') and the band gap energy of 3.24 eV. These were the
optimum values (highest SSA and Eg) in comparison to fibers which were manufactured from
2.6% or 3.9% Ti containing solution and calcined at higher temperatures (450 °C or 500°C).
The experimental condition for phenol photocatalysis were adopted from the literature (Ray
et al., 2009). The reaction conditions were as follows: phenol concentration = 40 mg-1"1, TiC>2
concentration = 0.5 g-1"1 and a reaction temperature of 37 ± 2°C. The dissolve oxygen (DO) level
was maintained at 7.8 mg-1"1. The mass of Ti02 was 25 mg (50 ml reaction volume containing
0.5 g-1"1 Ti0 2 ) for the 39±6.6 nm diameter nanofibers supported on surface-treated aluminium
foil (NF). Phenol degradation in the presence and absence of Ti02 catalyst was assessed by
monitoring

the residual phenol

concentration

against reaction time

(Figure

7.5(A)).

Approximately 5% phenol degradation was observed in the absence of the Ti02 catalyst
(control). Within 60 minutes, 60 ± 1 % of phenol was degraded in photocatalytic reactions with
NF (Ti02 nanofiber) catalyst. Phenol degradation was observed to follow apparent first order
kinetics according to equation (7.3).

(dC/dt) = kC

or,

In

'C

A

= kt

(7.3)

vCo,

170

where, k is the reaction rate constant, referred hereafter as apparent degradation rate constant
(min"1), C is the phenol concentration (mg-11) and (-dC/dt)

is the first order degradation rate.

- l n ( C / C 0 ) w a s plotted against the reaction time (t) to determine the apparent degradation rate
constant (Figure 7.5(B)). The photocatalytic degradation rate with NF was recorded as 6.5 times
faster than the control (photolytic rate).
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Degradation profiles for photocatalysis of phenol in presence and in absence of
TiC>2 nanofiber catalyst
(A) Residual phenol concentration; (B) Apparent degradation rate
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The apparent degradation rate of phenol with NF (Ti0 2 nanofibers) was compared with Ti0 2
nanoparticles of comparable specific surface area. TiCb nanoparticles with particle size of 5nm,
specific surface area of 275±15 m2-g"' and band gap energy of 3.23 eV (>99% anatase crystal
phase) was compared with the NF catalyst. The photocatalytic rates for NF and 5nm
nanoparticles were tabulated in Table 7.4. The quantum yield (s) was determined using equation
(7.4) (Lee and Mills, 2004).
s

=

(number of phenol molecules degraded per unit time)
(number of incident photon per unit time)

(7.4)

The quantum yield for control experiments (without Ti0 2 ) was 10 times lower than the
photocatalytic experiments with Ti0 2 (nanofibers or nanoparticles). Higher degradation rate and
quantum yield in photocatalytic experiments compared to the controls (photolysis) were
attributed to the presence of Ti0 2 . Presence of Ti0 2 facilitate higher conversion of incident
photons to 'OH radicals, and thereby effect enhanced photocatalytic degradation rates
(Bhatkhande et al., 2001; Herrmann, 2005).

Table 7.4: Comparative photocatalytic degradation rate for phenol with different catalyst
Mean
Specific Nominal size diameter Apparent
of
surface
of
degradation Degradation Quantum
area
rate
rate
yield
nanoparticles nanofibers
1
1
2 _1
(min )
(Hmol-l^-min" )
(m -g )
Type
(nm)
(nm)
(0.0034 ±
(0.19 ±
0.0005)3
(3.5 ± 0.47)a
Nanoparticle (275 ±15)'
0.025)a
(0.0085 ±
(0.40 ±
0.000 l) a
(7.4 ± 0.35)a
0.019)a
Nanofibers (259 ±23)
(0.0014 ±
(0.03 ±
Control
a
a
0.0002)
(1.2
±
0.15)
0.004)a
(No TiQ2)
Average and standard deviation for triplicate samples.
' Average and standard deviation for 50 fibers.
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The quantum yield as well as photocatalytic degradation rate of NF was twice that observed
for the 5 nm TiC>2 nanoparticles (of comparable SSA). The photocatalytic results clearly showed
that, the immobilized NF has greater catalytic efficiency. Lower photocatalytic rates and
quantum yield of the nanoparticles compared to NF could be accounted to the loss of SSA due to
intrinsic aggregation tendency of nanoparticles in suspension (refer Appendix B).
The photocatalytic performance for the NF catalyst was compared with the results reported
by Madhugiri et al. (2004). These authors studied the photocatalytic activity of electrospun TiC>2
nanofibers for phenol degradation and reported the SSA, approximate fiber diameter and
photocatalytic degradation rate. Madhugiri et al. (2004) reported a photocatalytic degradation
rate of 1.9±0.16 limol-r'-min"1 for phenol with Ti(>2 nanofibers, having diameter greater than
lOOnm and SSA of 32m2-g"\ In comparison, the photocatalytic rate observed for NF (TiC>2
nanofibers) in the present study was 3.9 times (7.4 ± 0.35 nmol-r'-min"1) higher than the value
reported by Madhugiri et al., (2004). The higher SSA (259 ± 23 m2-g~') of NF (Ti0 2 nanofibers)
observed in this study had likely resulted in a better photocatalytic performance.

7.3.6. Performance of immobilized Ti02 nanofiber catalyst after repeated use
A health hazard associated with the use of nanoparticle in suspension is release of remnant
nanocatalyst particle into the environment via catalytic process effluent. Additionally, the loss of
catalyst particles via process efflent is also uneconomical. Thus, reusability of the immobilized
Ti0 2 nanofiber catalyst is an important characteristic from the commercial standpoint. Hence, the
NF catalyst was subjected to repeated photocatalytic experiments (cycle) to establish the
reusability of the nanocatalyst.
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The photocatalysis of phenol was monitored for 4 consecutive experimental cycles after
thoroughly washing the NF photocatalyst in ultrapure de-ionized water after each experimental
cycle. The photocatalytic degradation rate (iimol-r'-min"1) and quantum yield was computed for
each photocatalytic experimental cycle from the apparent degradation rate (Eqn. 7.3 and 7.4).
The observed phenol degradation rate and respective quantum yield values are tabulated in
Table 7.5. The photocatalytic rates of 1st cycle and 4th cycle were compared using t-test at 95%
level of confidence. The calculated t-value 1.85 (p = 0.206) was smaller than tabulated t-value
3.18 (Montogomery, 1997). Hence, it was concluded that no significant change was observed in
the photocatalytic performance of the NF photocatalyst in 4 consecutive experiments. After the
4th cycle, the NF photocatalyst was heated at 199°C for 120 minutes and re-evaluated for
photocatalytic performance. The photocatalytic rate of 5th cycle (6.77±0.32 pmol-f'-min"1) was
in close agreement with that observed for the 4th cycle (6.44±0.44 pmol-r'-min"1). The results
demonstrated the reusability of the NF (Ti0 2 nanofibers) photocatalyst and confirmed that the
photocatalyst retained its catalytic ability after repeated use (till 5 cycles examined).

Table 7.5: Photocatalytic degradation rate for phenol with nanofiber catalyst on mutiple use
Photocatalytic
cycle

Degradation rate
(p.mol.r1.min~1)

Quantum yield

1

(7.14 ± 0.16) a

(0.38 ± 0.01) a

2

(6.74 ± 0.32) a

(0.36 ± 0.02) a

3

(6.47 ±0.22) 8

(0.35 ± 0.01) a

4

(6.64 ± 0.44) a

(0.36 ± 0.02) a

Heated at 199°( for 120 minutes
5
(6.77 ± 0.32) a
a
Average and standarc deviation for triplicate samples

(0.36 ± 0.02) a
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7.4. Conclusions
Ti02 nanofibers produced by sol-gel electrospinning were immobilized on a surface-treated
aluminum foil through controlled thermal treatment. The effect of varying Ti-content in the
electrospinning solution and final calcination temperature on the diameter and the SSA of the
immobilized nanofiber catalyst were examined. The catalyst with smaller diameters, generated
from electrospinning solution with lower Ti content, was associated with higher variability.
Increasing the calcination temperature from 400°C to 500°C resulted in a considerable loss of
SSA without significantly affecting the fiber diameter. Higher aggregation on fiber surface with
increasing calcination temperature was accounted for the decrease in the SSA of the immobilized
nanofiber catalyst. Decrease in the bandgap energy was observed at higher calcination
temperature due to increased rutile content in the Ti0 2 nanofibers. The mass of Ti0 2
nanocatalyst immobilized per unit area of the aluminum support affected the SSA of the
immobilized catalyst. Repeated deposition of the nanofibers on the support surface resulted in a
decrease of the SSA. The immobilized nanofiber catalyst (NF) with SSA of 259±23 m 2 -g l and
band gap energy of 3.24 eV was used for degrading phenol in the photocatalytic experiments.
The photocatalytic degradation rate of the nanofiber catalyst (NF) was approximately 3.9 times
higher than the value reported in the literature and 2 times higher than that observed with Ti0 2
nanoparticle of a comparable specific surface area (275±15 m2-g_1). The immobilized nanofiber
catalyst was subjected to repeated photocatalytic experiments and no significant change in
performance was noted after 5 successive experimental cycles.
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CHAPTER 8: CONCLUSIONS AND RECOMMENDATIONS
The work outlined in this dissertation described several important aspects of using Titanium
dioxide (TiC^) as a photocatalyst. The outcomes from the initial two phases of research, detailed
in Chapter 3 to Chapter 4, presented several key findings on the photocatalytic degradation of
phenol and phenol derivatives using TiC>2 nanoparticles. Later chapters of this dissertation
(Chapter 5 to Chapter 7) focused on fabrication and characterization of an immobilized TiC>2
nanocatalyst with improved catalytic properties.
Photocatalysis is a surface phenomenon and therefore, the photocatalytic degradation
process is affected by the surface area of the photocatalyst. Many of the earlier studies have used
commercially available nanoparticles as a photocatalyst and reported that smaller nanoparticles
were associated with higher photocatalytic activity by virtue of their higher surface area. In
Chapter 3 (Phase 1) of this dissertation, the effects of four variables on the photocatalytic process
were critically assessed with phenol as the model pollutant. Along with TiC>2 concentration
(loading), dissolved oxygen (DO) level and substrate concentration, the size of Ti02
nanoparticles were also evaluated for their effects on the photocatalytic rate. The results of a
statistical analysis showed that increasing surface area due to diminished nanoparticle size does
not necessarily enhance the photocatalytic rate. There exists an optimum particle size below
which quantum size effect restricted the enhancement in the photocatalytic rate. A numerical
algorithm based optimization study showed that approximately lOnm diameter of Ti02
nanoparticle was optimum for photocatalytic performance. This result was validated with
experimental data. The Chapter 3 also described the development of a model which consolidated
the different factors affecting the photocatalytic degradation rate of phenol.
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Chapter 4 (Phase 2) was an extension of the research presented in Chapter 3. The model
developed for photocatalytic degradation of phenol (phenol model) was validated using data for
the degradation of a phenol derivative, /?-cresol. p-Cresol was selected as model pollutant due to
its widespread industrial application and continued commercial use. The phenol model was
observed to be valid for predicting the degradation rate of /?-cresol. The photocatalytic behavior
of /?-cresol was examined in the context of computed activation energy and quantum yield. In the
presence of TiC>2 nanoparticles, p-Cresol degraded faster than phenol.
Chapter 5 (Phase 3) was focused on the fabrication of an immobilized Ti0 2 nanofiber
catalyst with improved stability. The composite nanofibers of TiC>2 and a polymer (PVAc) were
generated by electrospinning. The composite nanofibers were characterized by DSC, TGA,
FTIR, and XRD. FTIR studies confirmed the removal of the constituent polymer (PVAc) from
the composite nanofibers when the sample was heated at 400°C for 2 hours. The XRD studies
showed that the nanofibers calcined at 400°C comprised of TiC>2 with anatase crystal structure.
Anatase is the photocatalytically most active crystal form of TiC>2. The effect of increasing
calcination temperature on the fiber morphology was studied. The FESEM images showed
increased sintering of nanofibers on the support surface at calcination temperatures higher than
400°C. The stoichiometric composition of the nanofibers was confirmed by energy dispersive
spectroscopy (EDS). A [Ti]/[0] atomic ratio of 0.47 was recorded for the nanofibers. Earlier
studies reported that a lack of stability of immobilized catalyst was due to the poor adhesion
between the support and the TiC>2 nanofibers. A two step approach was developed to resolve the
problem. In the first step, the catalyst support surface was chemically treated; in the second step,
nanofibers were bridged by external means to the support surface. A surface-treated aluminum
foil was selected as the catalyst support. Bridging between the nanofibers was achieved by
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applying a polyvinyl acetate (PVAc) polymer coating. The immobilized TiC>2 nanofiber catalyst
demonstrated good adhesion (3B-2B as per ASTM D 3359-09) to the support. The weight loss of
the immobilized catalyst due to mechanical agitation in water for 1 hour was negligible (< 5%).
Chapter 6 described statistical optimization of the electrospinning process variables using
the Box-Benkhen design (BBD) procedure for minimizing the TiC>2 nanofiber diameter. A three
factor three level BBD was used to examine the effect of the experimental variables on the
diameter of TiC>2 nanofibers. Potential difference across electrodes, infusion rate of
electrospinning solution, and separation distance between electrodes were the three experimental
factors evaluated. Higher potential difference (40kV), lower infusion rate (0.6 ml-h"1) and higher
separation distance (32.5cm) were reported to yield TiC>2 nanofibers with a minimum diameter.
The Ti-content of the electrospinning solution was observed to affect the nanofiber diameter. The
lowest fiber diameter was generated using a 1.3% Ti-containing solution. Electrospinning a
solution containing 1.3% Ti at an optimum setting of 40kV potential difference across electrodes
separated by 32.5cm at infusion rate of 0.6 ml-h"1 produced nanofibers with average diameter of
39.5 ± 6.6 nm. The diameter of the nanofibers reported in the study was significantly lower than
the values reported by other researchers.
In Chapter 7, the photocatalytic performance of the TiC>2 nanofibers was examined. Higher
calcination temperature promoted sintering of pores resulting in a loss of SSA. Increasing the Ticontent of electrospinning solution also caused loss of surface area. An increase in the catalyst
loading beyond 0.9g-m"2 had a negative impact on the SSA of the nanofiber catalyst. A decrease
in the bandgap energy was observed with increasing calcination temperature beyond 400°C.
Higher anatase-to-rutile crystal transformation at temperatures higher than 400°C was accounted
for reduced bandgap values. The immobilized nanocatalyst with maximum SSA and highest
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band gap energy was evaluated in photocatalytic experiments with phenol as a model pollutant.
The observed photocatalytic rate with the nanofiber catalyst was twice that observed with TiC>2
nanoparticle of comparable SSA. The immobilized nanofiber catalyst was subjected to repeated
photocatalytic experiments; no significant change in the photocatalytic performance was
observed after 5 experiments. A literature search revealed that the photocatalytic rates observed
with the immobilized nanofiber catalyst developed in this study was approximately 4 times
higher than the rates obtained with immobilized catalyst which were used in past studies.
The study presented in this dissertation reported a novel TiC>2 nanofiber catalyst with
enhanced photocatalytic performance and improved stability. This research achievement can be
considered significant from an engineering standpoint because it could lead to the use of an
immobilized nanocatalyst in bench-scale photocatalytic reactors. However, a few obstacles are
required to be resolved before the nanocatalyst can be made commercially available. The
transformation from batch production to a continuous production process based on batch studies
will entail redesigning the existing process. A uniform distribution of the catalyst on the support
surface on continuous basis is another requirement (Martin et al., 1999). The present
electrospinning apparatus needs significant restructure and additional optimization before this
immobilization technique can be commercialized. Several multi-nozzle solution delivery systems
are reported in the literature (Kim et al., 2006; Yoon et al., 2008; Yang et al., 2008). Adoption of
similar design with reciprocating traverse of the nozzle and the collector can be considered for
uniform deposition of the catalyst on the support surface.
Another important consideration that deserves attention is the energy dependence of the
immobilization process. Thermal treatment of the catalyst is highly energy dependent. Recently,
a process for generating TiC>2 nanowire has been reported. The study reported producing
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nanowires without the use of polymer backbone. However, the researchers did not provided any
information regarding immobilizing the nanowire catalyst (Xie and Shang, 2007; Sui et al.,
2008). A polymer free immobilization process can significantly reduce the energy requirement of
this catalyst fabrication process. A study on the polymer free nanocatalyst immobilization is
recommended for future work.
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CHAPTER 9: ENGINEERING SIGNIFICANCE
Increasing toxicological health impacts coupled with widespread usage and environmental
discharge in large quantities are some important factors driving the research towards developing
an effective treatment strategy for removal of the phenolic contaminants. The treatment of
phenolic contaminants is a challenge to existing treatment technologies.

Heterogeneous

photocatalysis can be classified as a 'green' remedial solution for phenolic contaminants. The
general goal of this dissertation is to evaluate titanium dioxide (Ti02) as a potential
heterogeneous photocatalyst for degrading phenolic compounds from aqueous phase.
The factors affecting TiC>2 mediated photocatalytic degradation of phenolic contaminants are
critically analyzed for a batch set-up in Chapter 3 and Chapter 4. The studies presented in these
chapters demonstrated the use of Box-Benkhen experimental design (BBD) for screening and
consolidating the process variables into a statistical model. The model had accurately predicted
the photocatalytic degradation rate constant for phenol (Chapter 3) and p-cresol (Chapter 4) at
various process conditions; over a range of TiC>2 size, Ti02 concentration, dissolve oxygen (DO)
concentration and substrate (phenol or p-cresol) concentration. The model for the photocatalytic
degradation rate constant could be used as an effective tool for predicting the residual level of
phenol or p-cresol in the process effluent under a specific setting of process parameter. The
model can also be used to determine the level of the process variables (factors) for achieving a
target photocatalytic degradation rate or can be used for comparison between more than one
process condition. Another significant outcome from phase 1 (Chapter 3) and phase 2 (Chapter
4) is identification and validation of the optimum nanoparticle size for maximum photocatalytic
activity. The implication can be helpful in selections of Ti02 nanoparticle catalyst and thereby,
has the potential to improve the efficiency of the existing photocatalytic treatment systems.
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The use of Ti0 2 nanoparticle as slurry for photocatalytic application is associated with
several practical limitations. Immobilization of Ti0 2 on solid support is a better approach;
however, the existing immobilized Ti0 2 nanocatalyst also has serious bottlenecks. Chapter 5 to
Chapter 7 focused on improving the shortcomings of the Ti0 2 immobilized nanocatalyst. Chapter
5 reported an immobilized Ti0 2 nanofiber catalyst with improved stability. Improved stability
together with nanometric dimensions can have a useful consequence on the application of the
immobilized Ti0 2 catalytic systems. Ti0 2 nanofibers were fabricated using electrospinning
technique. The electrospinning process was statistically evaluated in Chapter 6 for fabricating
Ti0 2 nanofibers with smaller diameters. The effect of potential difference across electrodes,
infusion rate and separation distance between electrodes on nanofiber diameter was analyzed
through BBD. A model was developed for predicting the diameter of the nanofiber knowing the
electrospinning process conditions. The existence of a similar model for predicting the Ti0 2
nanofiber diameter from sol-gel electrospinning was not reported in the literature. A relationship
between nanofiber diameter and specific surface area of the immobilized catalyst was reported in
Chapter 7. In combination the knowledge delivered in Chapter 5 to Chapter 7 can be very useful
in fabricating customized Ti0 2 catalyst with desired attributes. The optimization study of the solgel electrospinning of Ti0 2 nanofibers presented in Chapter 6 revealed the levels of the
electrospinning variables associated with lowest fiber diameter and helped to fabricate Ti0 2
nanofibers with smallest reported diameter. The results from Chapter 7 showed that the
immobilized Ti0 2 nanofiber catalyst with smallest fiber diameter had comparable specific
surface area (SSA) and higher photocatalytic activity than that of discrete nanoparticles. In
summary, the outcomes of these sections (Chapter 5 - 7) of the dissertation present an
advancement in the structure-property relationship of the Ti0 2 photocatalyst.
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The overall engineering significance of the research presented in this dissertation lies in its
accomplishment towards adding more insightful understanding to the photocatalytic process in
terms of process variable interactions and development of an immobilized TiC>2 photocatalyst
with lesser practical limitation and improved catalytic activity.
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APPENDIX A: CALIBRATION CURVES
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APPENDIX B: STUDY ON WET AGGEGATION OF TI0 2
NANOPARTICLES IN SLURRY

Table 1. Specific surface area and wet aggregate size for TiCh nanoparticles
Nominal
size of dry nanoparticles
(nm)

Diameter of wet aggregates of
nanoparticles
(nm)

Specific surface area (SSA) dry
(m2-g_1)

5

(167 ± 37)a

(275 ± 15)a

10

(99 ± 26)a

(131± 12) a

(80 ± 20)a
a
Average and standard deviation for triplicate samples.
32

(47 ± 2) a
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APPENDIX C: IMAGES OF CATALYST SUPPORT
300.0 nm

Figure CI

AFM image of the surface of the treated aluminum foil used as support for Ti02
nanofiber immobilization

Figure C2

FESEM image of the cross-section of the treated aluminum foil used as support
for Ti02 nanofiber immobilization

191

APPENDIX D: ELECTROSPINNING CONTROL STUDY WITH
POLYVINYL ACETATE
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Effect of electrospinning variables on the diameter of polyvinyl acetate (PVAc)
nanofibers
(A) Potential difference; (B) Infusion rate; (C) Separation distance
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APPENDIX E: CALCULATION OF QUANTUM YIELD
Quantum yield (e)
£

=

(number of phenol molecules degraded per unit time)
(number of incident photon per unit time)

^ ^)

Degradation rate (mole degraded per unit time)
-(dC/dt)

= kC

(E2)

where, C is molar concentration (mol/1) and k is the apparent degradation rate constant (time"1).
For reaction volume, V (1), moles of phenol degrading per unit time = V x C x k

(E3)

1 mole is known to contain 6.023 x 10 molecules, Avogadro number (A)
Number of phenol molecules degraded per unit time
= Ax V x C x k

(E4)

E = he/A

(E5)

Energy per photon (E),

where, h is Planck's constant, c is speed of light
Incident energy per unit time = Intensity of incident radiation (I) x Area (S)
Number of incident photon per unit time =

IxS
E

(E6)
(E7)

Substituting E4 and E7 in El,
=
8

AxVxCxk
J^S
E

(E8)

E.g.,
for V = 0.05 1, C = 0.001 mol/1, k = 5.67 x 10"5 s"1,1 = 89.8 W/m2, S = 0.0074 m 2 , 1 = 3 x 10"7 m
s is computed by plugging the values in E8.
Resultant quantum yield, e = 0.17
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APPENDIX F: PROTOCOL FOR EVALUATION OF MODEL
ACCURACY AND RESPONSE OPTIMIZATION

F-l. E V A L U A T I O N O F M O D E L A C C U R A C Y
A model that does not accurately predict the response cannot provide good answers to the
underlying engineering or scientific questions under investigation. Hence, assessment of the
accuracy in prediction is an important step in model building sequence (Box et al., 1978). The
analysis of residuals is a statistical technique for estimation of model accuracy and fit. The
residual is the difference between the model predicted value and the experimental outcome at
identical factor levels within the design space under consideration (Myer and Montogomery,
2002). For a well predicted model, the residuals are expected to follow a normal distribution and
their occurrences are random (Box and Draper, 1987; Myer and Montogomery, 2002). Graphical
analyses of residual techniques, such as, scatter plot of residuals and histogram of residuals, are
good indicator of model accuracy (Montogomery, 2005). However, more conclusive method is
to compute the Anderson-Darling (AD) statistic. AD statistic quantifies the deviation for a set of
residuals and assesses the normal distribution of residuals by comparing the computed AD
statistics against reference value (Stephens, 1974). The validity of the distribution of residuals
usually tested at a 5% level of significance to confirm the model accuracy.

F-2. R E S P O N S E O P T I M I Z A T I O N
The identification of optimum process conditions favorable for a targeted (maximum or
minimum) response is of great significance in engineering processes. The evaluation of a factor
space involving combination of the process factors and their levels through experimental design
procedure is a primary step for the response optimization (Box and Draper, 1987). Next is to
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develop a statistical model for accurate prediction of response surface. The contour of the
response surface is determined using the model. A graphical method of response optimization is
overlaying contour plot (Box and Draper, 1987; Myer and Montogomery, 2002). However, a
precise method of locating the optimum condition is to use optimality criterion. The optimality
criterion provides a measure of fitting the data to a model (Box and Draper, 1987). Computing
the D-optimality value is a popular optimization method. The D-optimality criterion minimizes
the variance among the model coefficients and defines the factor level combination for optimum
response (Redhe et al., 2002). The numerical algorithm used for computing the D-optimality
values for different factor levels within the design space. Several factor level combinations are
evaluated for selecting the optimum solution.
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